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ABSTRACT
Three generic hull forms were compared on the basis of the energy required and the 
energy available to perform a trans-oceanic water sampling and data collection mission. It was 
concluded that the most feasible solution for this type of mission is a submersible with a laminar 
flow hull shape.
Having defined the speed, volume and range of the vehicle a computational optimisation 
of the hull, fins and propeller was undertaken. A previously unpublished aftend shape was joined 
to the Unmanned Free Swimming Submersible (UFSS) (Johnson (1980)) fore/mid body shape and 
the combined hull optimised for minimum drag. The stick fi-ee and stick fixed static stability of the 
fins and hull were investigated and the optimum solution chosen. A drag-matched, single stage 
propeller was designed to produce the required thrust to propel the vehicle taking into account 
the hull boundary layer in which it will be turning.
The computations were verified by a series of wind tunnel experiments. The wind tunnel 
tests on the hull showed that the body exhibited 70% laminar flow and had a drag factor that of 
a torpedo shape. Initial test results exhibited significant flow interference between the aftend of 
the model and the mounting strut. A second series of tests, employing a revised mounting system, 
resulted in a full set of static hydrodynamic characteristics for the hull and fins. The propeller was 
tested both on and off the hull model but no usable results were recorded due to mechanical 
failure and some inconsistencies in the computational process. The errors in the propeller 
characteristic calculations are discussed in full.
Tests were also conducted in a second wind tunnel with a significantly higher background 
turbulence. These tests showed some degradation in the laminar boundary layer, moving transition 
forward to the 45% position. The experimental results show that the laminar flow hull can achieve 
the very low drag predicted. Even in a more turbulent flow the low drag form still gives 16 the 
drag of a more conventional torpedo shape.
- n -
CONTRACT DETAILS
The funding for this project was initially provided by the Marine Technology Directorate 
Ltd. (MTD Ltd.) and the Ministiy of Defence (MOD) under the Science and Engineering 
Research Council (SERC) Grant GR/FO8160. This fiinding was for 2 years commencing in July 
1990. A further years funding was supplied by the Marine Technology Directorate under the 
Science and Engineering Research Council Grant GR/H40204. The second grant commenced in 
October 1992. The research presented in this thesis was carried out in the Department of 
Mechanical Engineering, University of Surrey and was supervised by Dr. A. R. Packwood.
-m-
ACKNOWLEDGEMENTS
I  would like to take this opportunity to thank the many people that have made this thesis 
possible. My first thanks are for the understanding and support my family, fiiehds and especially 
my wife have given me over the past 5 years. Without this support I  am sure this work would not 
have been possible.
Much of my professional development throughout this project has to be attributed to the 
supervision I  received fi’om Dr. A. R. Packwood. I  thank him for his technical guidance, 
assistance and for the many hours he has spent listening to my ideas and notions. His advice has 
been gratefiiUy recieved.
During the life span of this project many of the staff in the Department of Mechanical 
Engineering at The University of Surrey have become involved. The workshop technicians, 
especially Mr. B. Cooper and Mr. S. Bennett, have been one of the reasons why this project has 
been such a success. The production of the wind tunnel model was always going to require first 
class workmanship and this was received from all of the technicians that were involved with the 
model manufacture. I  would also like to thank the secretarial and academic staff for their help on 
numerous occasions with a diverse set of problems. All of the departments staff have contributed 
in some way to the success of this research project.
Other commercial companies were involved in the manufacture of the wind tunnel model. 
I  would like to thank Moorland Patterns Ltd. and Fi-Glass Ltd for the production of the fibre 
glass portion of the model and Frazer Nash Ltd. (Midhurst) for the steel machining of the 
remainder of the model. The wind tunnel test formed an important part of this investigation and I  
thank the staff at DRA Famborough at the No.2 tunnel for their help and assistance. I  would also 
like to thank the employees of these companies for respecting my sometimes rather exacting 
wishes and producing very high quality products and services.
- I V -
CONTENTS
PAGE
Titile Page I
Abstract n
Contract Details m
Acknowledgements IV
Contents V
Nomenclature v m
1 Introduction
1.1 Introduction 1.1
1.2 Enabling Technologies 1.2
1.3 Types of Boundary Layer and Drag 1.5
1.4 Factors Affecting the Boundary Layer Stability 1.7
1.4.1 Roughness and Waviness 1.7
1.4.2 Turbulence and Particulates 1.7
1.4.3 Pressure Distribution 1.8
1.4.4 Other Methods 1.9
1.5 Existing Low Drag Submersible Research and Autonomous Vehicles 1.10
1.6 Outline of the Research Programme 1.12
2 General Vehicle Optimisation
2.1 Introduction 2.2
2.2 The Optimisation Procedure 2.3
2.3 The Control Vehicles 2.4
2.4 Assumptions 2.6
2.5 Operational Design Criteria 2.7
2.6 Results of the Optimisation Process 2.9
2.7 Discussion of the Results 2.11
2.8 Conclusions 2.12
3 Numerical Body Shape Optimisation
3.1 Introduction 3.1
3.2 The Initial Shape Definition 3.1
3.3 The Aftbody Equation 3.2
3.4 The Myring'Code 3.4
3.5 Validation of the Myring'Code 3.8
3.6 The Numerical Optimisation of the Aftbody 3.11
- V -
4 Single-Stage Drag-Matched Propeller Design
4.1 Introduction 4.1
4.2 Theory Behind the Propeller Program 4.1
4.3 Results of the Propeller Characteristic Calculations 4.5
4.4 The Choice of the Right Propeller 4.18
4.5 The Strength of the Designed Propeller 4.18
5 Design of the Control Surfaces
5.1 Introduction 5.1
5.2 Assumptions and Available Data 5.1
5.3 Stick Fixed Static Stability 5.3
5.4 Stick Free Static Stability 5.6
6 Mechanical Design of the Wind Tunnel Model
6.1 Introduction 6.1
6.2 Definition of the Overall Design Criteria 6.2
6.3 The General Solution 6.3
6.4 The Detailed Design 6.5
6.4.1 The Fore Body 6.5
6.4.2 The Internal Frame 6.6
6.4.3 The Aftend 6.6
6.4.4 The Fins 6.8
6.4.5 The Propeller 6.8
6.4.6 The Torque Cage and Motor Transmission 6.9
6.4.7 The Wake Rake 6.10
6.5 Assessment of the Overall Design 6.10
7 Apparatus and Test Procedure
7.1 Introduction 7.1
7.2 Description of the Wind Tunnel and Ancillary Equipment 7.1
7.3 Model Configuration and Test Procedure 7.3
7.4 Wind Tunnel Corrections and Experimental Data Reduction 7.5
8 First Test Series Results
9 Modifications to the Test Equipment
10 Final Test Results
11 Conclusions and Future Programs
11.1 Conclusions 11.1
11.2 Future Research Programmes 11.6
12 References
A1 Appendix 1 - Aft Body Equation Constants
A2 Appendix 2 - Modified Blade Element Theory
- V I -
A3 Appendix 3 ■ 'Gawn' Propeller Geometry Definition
A4 Appendix 4 - Static Stability Equations
A4.1 Stick Fixed Static Stability A4.1
A4.2 Stick Free Static Stability A4.4
Plate la View of the Model Forebody and Internal Frame 6.14
Platelb View of the Wake Rake 6.14
Plate Ic View of the Propeller (Complete and Test Piece) 6.14
Plate2a View of the Assembled Model, Rear Three-Quarters 6.15
Plate2b View of the Fin Assembly 6.15
Plate2c View of the Aft Section being Machined 6.15
Plate3 View of the China Clay Flow Visualisation
(44m/s Tunnel Speed, 11.5' x 8.5' Tunnel) 8.12
Plate4a View of the Model Mounted in the 11.5'x 8.5' Wind Tunnel 8.13
Plate4b View of the Model Mounted in the 24' Wind Tunnel 8.13
PlateS View of the China Clay Flow Visualisation (44m/s Tunnel Speed, 24' Tunnel) 10.13
-vn-
NOMENCLATURE
Vehicle Parameters
D Drag (N)
d Vehicle maximum diameter (m)
fn Fineness ratio —
 ^ d
kj Curvature of the body at the maximum diameter
L The overall length of the vehicle (m)
L Lift (N)
Ij Distance between the pivot and the model centreline (m)
I2  Distance between the pivot and the nose along the model centre line (m)
Mjj Moment about the model nose (Nm)
Mp Moment about the model pivot point (Nm)
R|,yi Body radius at the inflection point (m)
rj Non dimensional body radius at the inflection point (based on L)
rjj Nose radius of curvature
S Vehicle frontal area (m )^
Sj Body slope at the inflection
St Slope at the tail (rad)
T Tail boom thickness (m)
t Non dimensional tail boom thickness (based on L)
V  Bare hull (excluding fins) displaced volume (m )^
X| Axial position of the inflection point (m)
Axial position of the maximum diameter (m)
X Distance from the leading edge of the body (m)
Xg Non dimensional aftbody length (based on L)
Xj Non dimensional axial position of the inflection point (based on L)
Xjjj Non dimensional axial position of the maximum diameter (based on L)
y Radial distance from the body centreline (m)
y Distance normal to the body surface in the boundaiy layer (m)
a  Angle of incidence ( ° )
oq Tail semi angle ( ° )
Propeller Parameters
a Propeller blade planform area (m )^
a Axial inflow factor
a* Radial inflow factor
B Number of blades on the propeller
c Propeller chord (m)
D Propeller diameter (m)
- vm
F Skin friction force on the propeller blade (N)
F Prandtl correction factor
Fj Prandtl correction factor
f  Propeller blade section camber (m)
K Drag shape factor
n Rate of revolution (rps)
P Propeller Pitch (m)
Q Torque (Nm)
R Tip radius (m)
Rq Root radius (m)
r Elemental radius (m)
T Thrust (N)
t Propeller blade section thickness (m)
a, alpha Angle of incidence (rad)
(j), phi Pitch angle (rad)
Tj, ETA Propeller efficiency
Og Centripetal blade stress (Tons/in^)
Gj. Radial blade stress (N/m^)
Ct Transverse blade stress (N/m^)
Fin and Static Stability Parameters
A Fin aspect ratio
dC
a Vehicle hull lift curve slope (/rad). — —
da
aj Fin lift curve slope (/rad).----- —
da
a2  Fin lift variation with flap angle (/rad). - ~ -
drf
dCbj Flap hinge moment variation with incidence (/rad). — —
da
dC
b2  Flap hinge moment variation with flap angle (/rad). — —
dr]
c Fin chord (m)
Cq Flap chord aft of the hinge (m)
H Hinge moment (Nm)
h Non dimensional distance from the nose to the center of mass
ho Non dimensional distance from the nose to the body neutral position
hn Stick fixed static margin
h^ ' Stick free static margin
If Distance between the body neutral point and the fin % chord (m)
Sg Area of flap aft of hinge (m )^
Sf Fin planform area (m )^
Q Rate of rotation (rad/s)
T| Flap angle (rad)
- I X
Flow Characteristics
H Total Pressure (inches of water)
n Boundaiy layer profile factor
P Static pressure (inches of water)
Pq Tunnel static pressure (inches of water)
U Free stream velocity in the streamwise direction (m/s)
u Velocity of the flow inside the boundary layer in the streamwise direction (m/s)
w Resultant velocity at the propeller blade element (m/s)
Ô Boundary layer thickness (m)
V Kinematic viscosity of the fluid (mVs)
p Density of the fluid (kg/m^)
Other Parameters
b Wind tunnel breadth (m)
c Wind tunnel cross sectional area (m )^
h Wind tunnel height (m)
A Wind tunnel correction factor
Non dimensional Characteristics
UxReynolds Number based on the distance from the leading edge of the body. —
V
R^ y Reynolds Number based on the vehicle volume.
R^  ^ Reynolds Number based on the propeller chord.
V
Wc
Cj^ y Drag coefficient based on the vehicle volume. ^
Cjy Lift coefficient based on the vehicle volume. L
OwFh Moment coefficient about the nose based on the vehicle volume.
Drag coefficient based on the vehicle frontal area. 
Cf Skin fiiction coefficient based on planform area.
D
F
DQo Drag coefficient based on propeller element planform area.
______________________YipU a
- X -
2
Cr Lift coefficient based on propeller element planform area. —
'ApU^a
Cg Total drag coefficient based on propeller element planform area. — ^  _
YipU a
TK+ Thrust coefficient.
Kq Torque coefficient Q
prYD^
J Advance ratio.
nD
Crf Lift coefficient based on fin planform area. ^ —
^ y^ pu^ Sf
Moment coefficient based on fin planform area. ^
HCu Hinge moment coefficient based on flap planform area. -
CTD Conductivity, Temperature, Density
NOTE - The parameters and notation used in Chapter 2 are contained within the text.
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Chapter 1 introduction
INTRODUCTION
1.1 INTRODUCTION
In 1985 an ad hoc working group, sponsored by the Natural Environment Research 
Council (NERC), met to discuss the possibility of producing an unmanned autonomous 
submersible for oceanographic survey within the UK. The report, NERC (1985), concluded that 
two types of generic vehicle were economically viable within the context of the world 
oceanographic and scientific communities. One vehicle would perform geological and 
geophysical surveys of the ocean's fioor and a second, of a different type, would perform long 
range water sampling or data collection duties over the whole ocean depth. Both of these 
vehicles and their respective missions had, with hindsight, been envisaged in 1981 by 
Allmendinger (1981). AUmendinger stated "far" term objectives for autonomous vehicles that 
were firstly for long range, low speed, three dimensional surveys of the ocean interior and 
secondly for mapping large areas of the sea bed.
In the 1980's computer performance increased in both speed and complexity 
exponentially. This resulted in an explosion in the size and speed of problems that could be 
solved computationally, carrying with it the possibility, for the first time, of being able to model 
the circulation of the oceans of the world. In order to model the world's oceans mathematically 
and to validate those models the World Ocean Circulation Experiment (WOCE) and the World 
Circulation Research Programme (WCRP) were instigated. The results fi'om these two 
organisations were to be used to predict both the state of the oceans and to predict any 
significant climate changes. Within WOCE and WCRP were elements of computational 
modelling, satellite observations of the ocean surfaces and experimental observation of the inner 
ocean. WOCE was officially launched in 1991 and will continue for six years within which it is 
to take water column data at over 27000 stations. This compares to the 8000 stations at which 
data has been gathered in the past 100 years (Woods (1991)).
The main objectives of WOCE and WCRP is to gather large amounts of scientific data 
from within the worlds oceans and to use this data to verify computational models of the 
circulation within the oceans. The oceans of the world have a large influence on the nature of 
the atmosphere and vice versa. The ocean is believed to be a natural sink for not only heat but 
many of the essential gases such as oxygen, carbon dioxide and the "greenhouse" gases. The 
rate at which these gases are absorbed by and expelled from the atmosphere has an influence on 
the long term climate of the world. The currents within the oceans move large quantities of 
water, containing different gas contents, around the world therefore affecting the climate in 
different areas of the world. The experimental data gathered from the ocean can only provide a 
picture of the state of the ocean at that moment in time and although a series of measurements 
can produce some time dependant data this will not help to predict the climatic changes for the 
friture. WOCE and WCRP have a commitment to computationally model the circulations and 
currents within the oceans to attempt to predict the state of the world climate in the long term 
future. The experimental data will be used to both verify the calculations and also act as a 
starting point at which to initiate the computations.
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The large amount of data to be collected in order to verify the computations gave rise to 
the concept of an instrument with trans-oceanic range that could gather data to frill ocean depth 
and be independent of any surface vessel. Following the announcement of WOCE and the 
findings of NERC ad hoc committee the AUTOSUB group was formed. The group was to be 
based at the Institute of Oceanography (Deacon Laboratory) and was supported by NERC. The 
aim of the project was to develop two vehicles for the two already identified oceanographic 
survey tasks. The vehicles were designated the Deep Ocean Geographical and Geophysical 
Instrument Explorer (DOGGIE) and the .Deep Ocean Long Path Hydrodynamic INstrument 
(DOLPHIN). These vehicles were to gather large quantities of data for the oceanographic and 
scientific communities without the expense of a large research vessel. A more comprehensive 
outline of the two vehicle specifications can be found in Collar et al (1990).
The vehicle outline specifications for the DOGGIE and DOLPHIN vehicles can be found 
in Collar et al (1990) and NERC (1985). The DOGGIE vehicle has a short to medium 
range/endurance of up to lOOOkm/5 days and has a high "hotel" energy requirement. The high 
"hotel" energy requirement is necessary to power the large side-scan sonar arrays required for 
the geophysical ocean bed surveys. The operating speed of the DOGGIE vehicle is between 0 
and 2.5m/s. The shape of the DOGGIE vehicle is expected to be of a parallel bodied design with 
a rounded nose. The use of a parallel sided hull for the DOGGIE vehicle will assist in the 
positioning and operation of the sonar arrays and, referring to Chapter 2, the high "hotel" 
energy and the relatively low speed of the vehicle make the use of low drag hulls less attractive. 
The DOLPHIN vehicle has a low "hotel" energy requirement, because only simple 
instrumentation is to be employed and a large range/endurance of 7000km/30 days. The 
DOLPHIN vehicle also has a medium/high cruise speed of 2.5m/s. The long range and high 
speed combination results in a high propulsion energy requirement, referring to Chapter 2. A  
reduction of the propulsion energy requirement can be achieved by reducing the drag of the 
vehicle therefore a low drag hull form is expected for the DOLPHIN vehicle.
The DOLPHIN specifications included the ability to dive to depths of 6000m, travel at 
2.5m/s and have a range of 7000km (Collar et al (1990)). At a very early stage of the 
AUTOSUB project it became clear that in order to satisfy DOLPHESTs range and speed criteria 
the vehicle would either be very large or have a very low drag (Alers (1981)). The speed and 
range of the vehicle were derived from the time taken by a surface ship to gather data on a 
synoptic time-scale for an ocean basin so that a "snap shot" of the ocean's state could be taken.
1.2 ENABLING TECHNOLOGIES
The AUTOSUB project had several technology research areas that required 
investigation before the two vehicles could be built. The majority of the new technologies were 
common to both the DOGGIE and the DOLPHIN vehicles but there were still several parts of 
the vehicles that needed individual attention. The common areas of research included the design 
of a high strength, high buoyancy pressure vessel, navigation and control systems, mission 
management sofiware, propulsion motor and motor controller, deployment and recovery 
technique and equipment, and data handling and telemetry hardware and software. Apart from 
these generic technologies research specific to the two different vehicles was required. For the 
DOGGIE vehicle the design of the control surfaces and systems for maximum manoeuvrability 
was needed along with the sonar array design and the accompanying data handling and software 
systems. In the case of the DOLPHIN vehicle the major research areas included the design of a 
low drag outer hull, the sensor suite, telemetry and navigation hardware and software designed 
specifically for long range missions and finally the design of an efficient propulsion system.
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The priority for the DOLPHIN project lay in the ability to achieve the specifications 
already set and this could only be achieved if a low drag vehicle could be shown to be viable. In 
order to fiilfil all of the design criteria of speed, range and depth then the hull, fins and propeller 
have to be optimised to produce the lowest drag possible but having regard for the operational 
and manufacturing aspects of the vehicle. The objective of this thesis is to present a total 
hydrodynamic design for the outer hull, fins and propeller that is optimised for minimum drag 
and that can be realistically fabricated. The computational element of the optimisation will be 
validated using experimental techniques. Future research areas are outlined at the end of this 
thesis (see Chapter 11).
Table 1.1 - Summary of the energy cell details presented by Brighenti (1990)
Energy Source Whr/kg Wh/1
Pb-acid battery 15 22
Ni-Fe battery 30 48
AgO-Zn battery 65 100
Closed Cycle Diesel (Water) 105 100
Closed Cycle Diesel (Cryo) 110 120
Liq.H fuel cell 250 210
Note - The data in Table 1.1 include allowances for a Carbon Fibre Composite pressure vessel 
capable of 6000m depth.
Table 1.2 - Summary of the reactants to produce 1 GOOkWhr of energy (Tuttle(1992))
Reactants Reactant 
Mass /kg
Mass in 
Vessel /kg
Reactant 
Vol. /I
Exhaust 
Vol./I
Vol. in 
Vessel !\
Deisel + 90% Peroxide 1879.0 0.0 1480 1891 0
Mg-Oil Slurry + Oxygen 995.8 537.3 788 403 471
Aluminium + Oxygen 826.6 826.6 803 297 572
Magnesium + Oxygen 910.0 910.0 767 363 767
Methanol + Oxygen 1703.2 '■ 1012.4 1751 1244 895
Diesel + Oxygen 1375.9 1068.5 1338 908 936
Propane + Oxygen 1366.7 1071.4 1503 933 939
Butane + Oxygen 1370.8 1071.4 1439 926 939
Iso-octane + Oxygen 1377.9 1071.8 1376 915 939
Hydrazine + Oxygen 2975.5 1486.7 2776 2714 1303
Hydrogen + 90% Peroxide 1887.4 95.6 2916 1887 1365
Methane + Oxygen 1355.3 1355.3 1444 990 1444
Hydrogen + Oxygen 1012.1 1012.1 2405 1012 2405
Gaseous Hydrogen 1012.1 1012.1 6901 1012 6901
Another important technology to be investigated within the DOLPHIN and DOGGIE 
projects was the power source used to provide energy to the propulsion system and the 
navigation, control, mission management and data handling systems. The main candidates for 
the power source are discussed in Collar et al (1990) and include primary (non-rechargable) and 
secondary (rechargable) battery cells, closed cycle diesel plants, fuel cells, and nuclear fusion 
systems. The use of nuclear fusion as a commercial power source has, as yet, not been accepted
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on environmental grounds and therefore was immediately rejected. Brighenti (1990) presents 
details of a closed cycle diesel engine for use in shallow water submersibles. This technology has 
not yet been proven to full ocean depths and at present is of too high power and over size and 
therefore was not considered for the AUTOSUB vehicles. A summary of the energy sources 
investigated by Brighenti (1990) can be. seen in Table 1.1. Tuttle (1992) describes many 
reactants and the resulting exhaust gases and products for use in closed cycle engines, see Table 
1.2. The masses and volumes of the different reactants and waste products are given for a 
power output of lOOOkWhr. It should be noted that Tuttle (1992) only presents theoretical 
values for these reactions and, for the same reasons as for the diesel engines, this option was 
rejected. The use of secondary cells is a safe option. Secondary cells can be recharged relatively 
cheaply and do not have any extremely hazardous products within them or as waste products. 
The draw back to secondary cells is that they produce a relatively small amount of energy for 
their mass and volume therefore these were rejected as they would require a large vehicle to 
house them. The final and chosen option is the use of primary battery cells. These are expensive 
and cannot be recharged but have a high specific energy in terms of mass and volume and for 
this reason are attractive for the long range mission. Details of some primary cells can be found 
in McCartney (1985) and fi"om this Lithium Sulphur dioxide (LiS02) cells were chosen as the 
likely source for the DOLPHIN vehicle, see Table 1.3.
In order for the long range mission to remain economically viable the vehicle has to 
operate at a cost less than a surface research vessel carrying out the same measurements. In the 
ad hoc working group report (NERC (1985)) it is estimated that a surface vessel would take 6 
hours per station to obtain the relevant data for a full ocean depth water column survey, take 
readings at every 100km and steam at an average of lOkts between stations. Therefore for a 
traverse distance of 6-7000km this would take 30 days with an approximate cost of £5-10000 
per day assuming a research vessel is required (Babb (1991)). This provides a budget for the 
submersible mission of under £300k. It should be noted that the submersible would not be 
affected by surface conditions and can cruise at a constant speed obtaining data almost 
continually. The only limitation on the amount of data that can be taken is in the quantity of 
digital storage available to the data logging system.
Table 1.3 - Summary of the primary cells considered by McCartney (1985)
Cell Type Manufacturer Whr/g Whr/cc
LiSOCl^ GTE (USA) 0.48 0.95
LiSO? Crompton Parkinson (GB) 0.332 0.48
LiSO^ Duracell (USA) 0.294 0.46
LiMnO^ Venture Technology (GB) 0.228 0.46
ZnMnO^ Duracel (Europe) 0.155 0.361
A final condition that has to be taken into account whilst designing the vehicle is the 
safety, time taken and technique used to launch and recover the vehicle. It was envisaged by the 
ad hoc working group (NERC (1985)) that the vehicle should be of a size and mass such that 
the vehicle need not be launched and recovered by a research ship with specialised equipment. 
The use of large trawlers or other commercial ships would prove to be economically more 
efficient in that launching the vehicle in this way frees valuable research vessels to carry out 
other essential surveys. An alternative is that the size and mass of the vehicle should be 
minimised so that several vehicles can be stowed and later deployed fi’om one research vessel. 
This makes possible the survey of a large area of ocean with the submersibles following parallel 
paths at the same time. The launch and recovery was expected to be the most probable cause of
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damage to the vehicle and therefore any degradation to the vehicle's performance due to surface 
damage will have to be investigated before the vehicle is operational.
1.3 TYPES OF BOUNDARY LAYER AND DRAG
From investigations by McCartney (1985) and Packwood (1989) into the viability of the 
DOLPHIN concept it became apparent that the success of the project lay in the production of a 
low drag hull form. Alers (1981) produced a comparison between the speed, range, drag and 
power source of a vehicle and concluded that the lower the drag of the vehicle the smaller the 
vehicle had to be. It could be seen that at low/medium speed for long range missions the 
propulsive energy requirement was dominant and so reducing the drag of the vehicle reduced 
the propulsive energy requirement. In minimising the drag and therefore the energy requirement 
the amount of power cells would be reduced and consequently the overall envelope of the 
vehicle reduced. The concept of optimising the vehicle drag for the DOLPHIN project became 
an essential part of the vehicle's economic and logistic viability.
The drag of the submersible can be divided into two parts, the skin friction drag and the 
pressure drag. The overall drag of the vehicle can again be sub-divided into three elements 
which are the hull, fins and propeller contributions. The overall drag was expected to be 
dominated by the hull drag, possibly accounting for up to 80% of the total, therefore it was 
decided to initially attempt to reduce this element.
The skin friction drag is produced by the streamwise component of the flow over the 
body. At the surface of the body there is no relative movement between the body surface and 
the fluid molecules and a "no slip" condition is said to exist. Moving away fi*om the body the 
velocity of the fluid increases until it is at the same speed as the oncoming flow, which 
theoretically is at infinity, but is practically a short distance fi*om the body surface. Because of 
this differential in velocity between the fluid molecules, shear stresses exist in the fluid, it is the 
shear stress component parallel to the surface of the body which is defined as the skin friction
drag.
u/U
1.2
x /L
0.8
Fig.1.1 - The velocity ratio (graphical) and pressure (pictorial) along a typical low drag body
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The pressure drag is defined as the pressure produced by the normal component of the 
fluid flow over the body. Generally, over the first portion of a body (up to the maximum 
chord/diameter) the pressure acts in the anti-streamwise direction producing a thrust force on 
the body (see Fig.1.1). Over the rear part of a body the pressure act in the streamwise direction 
producing a drag force. In an inviscid fluid these two forces cancel each other out and so no nett 
force is seen. This is known as d'Alemberts paradox which states that for a body imersed in an 
inviscid flow no tangential forces can be exerted on that body and so no nett force is possible. In 
a viscous fluid at the trailing edge of the body the boundary layer (see below) has a finite 
thickness which increases the pressure on the rear of the body resulting in a net drag force. The 
magnitude of the drag force can be simply related to the thickness of the boundary layer at the 
trailing edge.
The region of the flow close to the surface of the body is known as the boundary layer 
which has an average flow velocity of less than 99.5% of the oncoming flow velocity. The 
boundary layer has three distinct forms, namely laminar, turbulent and separated. The fluid 
moves as if it were made up of solid layers sliding over one another. The energy in the laminar 
boundary layer is therefore relatively low and the surface shear stress is also low. Bodies having 
an attached laminar boundary layer therefore have a low drag. The flow in the turbulent 
boundary layer has an average flow in the streamwise direction but within the boundary layer 
there are macroscopic eddies. These eddies add rotational energy to the translational energy 
resulting in a much higher energy level and shear stress within the boundary layer. Therefore a 
body with a turbulent boundary layer has a higher drag than that with a laminar boundary layer. 
The turbulent boundaiy layer produces about 4 times the drag of a laminar boundaiy layer under 
the same conditions at = 10^  (Packwood (1989)). The separated boundary layer is 
characterised by having some parts of the flow in the anti-streamwise direction. There are large 
areas of circulation which detach the boundary layer flrom the surface of the body. The areas of 
stationary or reversed flow attached to the body, under the boundary layer, thickening the 
overall boundary layer and producing a large increase in drag.
On most bodies the leading edge or nose flow is laminar and at some point downstream 
the flow becomes turbulent, the point at which this happens is known as the transition point. 
Within the laminar boundary layer are small perturbations in the flow which are steadily 
amplified as the boundary layer grows along the body. These perturbations steadily increase 
until they become chaotic and form eddy structures within the boundary layer. At the point at 
which the eddies become measurable the flow is said to be fully turbulent. These perturbations, 
now eddies, still continue to be amplified as the boundary layer continues to develop. The eddies 
again increase in energy and magnitude until they cause the boundary layer to become detached 
fi'om the surface of the body. The boundary layer becomes separated with a bubble of static or 
slow moving fluid between it and the body surface.
As the boundary layer undergoes transition from laminar to turbulent and experiences 
separation the thickness of the boundary layer increases. The increase in the thickness of the 
boundary layer increases the pressure drag. It has been stated by Clancy (1991) that the shear 
stress between the three types of boundary layer increases therefore increasing the skin fiiction 
drag. An ideal low drag hull would have an attached laminar boundaiy layer over the entire 
body length, practically this is not possible as transition is dependant on the Reynolds number of 
the flow. The operating Reynold number of DOLPHIN is too high to sustain the laminar flow 
and delay transition far enough along the body. The Reynolds number at the mid point position 
on the hull is R^  ^= 3.5 x 10^  which is at the transition Reynolds number stated by Houghton 
and Carruthers (1982). The development of the boundary layer and the accompanying increase
- 1.6 -
Chapter 1________________________________________________________________ Introduction
in drag leads to the conclusion that the ideal body should have a long laminar boundary layer, 
followed by a non-separating turbulent boundary layer.
1.4 FACTORS AFFECTING THE BOUNDARY LAYER STABILITY
In the previous section the transition process was described as one by which small 
perturbations within the boundaiy layer are amplified until the flow changes its general 
characteristics. Therefore any artefact of either the flow or the body that affects the amount of 
amplification or the magnitude of the perturbations within the flow will affect the position of 
transition and separation. The major influences on the transition point are body roughness (both 
singular elements and distributed) and waviness, the oncoming flow turbulence, particulate 
concentration and size and the pressure distribution over the body. The body surface artefacts 
and the flow condition introduce extra perturbations into the flow and the pressure distribution 
either amplifies or damps out the perturbation. I f  the pressure is decreasing in magnitude the 
pressure gradient is "favourable" and the perturbations are damped out and if the pressure 
increases then the distribution is "adverse" and the perturbations are amplified.
1.4.1 Roughness and Waviness
The maximum amount of distributed roughness (or known as surface finish) that will not 
affect the transition position was stated as 25 pm by Hoemer (1965) and as 40pm by Carmichael
(1979). These levels of roughness are the equivalent to spray painted surfaces that have not had 
any further finishing applied to them. The hull of the vehicle is going to be manufactured fi'om 
either Glass Fibre Reinforced Plastic (GFRP) or Carbon Fibre Reinforced Composite (CFRP) 
with a gel coat or painted finish on the external surfaces. Therefore these levels of roughness 
will be attainable with current technology. Levels of roughness of l-5pm are usually found on 
surfaces finished in this manner. The waviness of the body surface is a parameter that is very 
hard to measure and can be further categorised as a single "hump" or a series of "humps" or 
waves. Hoemer (1965) states that the wavelength to amplitude ratio for a single hump should 
be greater than 100 if the transition position is to be unaffected. For multiple humps or waves in 
series, Carmichael (1979) quotes the findings of Fage (1943) who stated that the amplitude to 
wavelength ratio for a series of waves in the cross flow direction should be greater than 1000. A  
more conservative figure of 2000 is stated by Bushnell and Tuttle (1983). Other surface 
protuberances also have to be considered such as rivet heads, forward and rearward facing 
circumffential discontinuities and grooves. From the data supplied in Hoemer (1965) it becomes 
clear that forward facing steps are the worst case with step heights up to 0.6mm being tolerable 
on the DOLPHIN vehicle surface. A general view of many of these surface discontinuities can 
be found in Dryden (1953) with the parameters normalised about the axial Reynolds number and 
the displacement thickness of the boundary layer. Packwood (1989) also states the findings of 
Tani (1969) whose results compare to the data already presented for the surface waviness.
1.4.2 Turbulence and Particulates
The environment in which the vehicle will be operating also has an effect on the stability 
of the boundary layer. Background turbulence in the free-stream introduces perturbations into 
the boundary layer flow destabilising the laminar flow. In the ocean environment, especially in 
the upper ocean and the bottom benthic .layer, there are a significant number of particulates 
suspended in the fluid which again produce a movement in the transition position. Tani (1969) 
states that the transition position in low speed flows is unaffected with a background turbulence 
level of less than 0.08%. The background turbulence is defined by the ratio of the root mean
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square velocity to the mean velocity of the flow. There are veiy few cited in-situ measurements 
of the turbulence levels of the mid and deep oceans, most of the measurements being in the 
upper oceans where the DOLPHIN vehicle will be spending the least amount of time. Current 
speeds of 2-lOcm/s were found by Stommel (1972) for depths of greater than 2500m taken off 
the Canadian Atlantic coast and by Karabasheva et al (1976) at depths of 1200 to 1400m in the 
Norwegian sea. Using the acceptable turbulence level of Tani (1969) for the DOLPHIN vehicle 
traverse speed results in an acceptable level of about 2.5mm/s. Karabasheva et al (1976) 
measured the turbulence levels in the gulf stream in the Norwegian sea at depths of between 
1200 and 1400m and found that the level was generally between 4 and 80mm/s. These values 
can be regarded as a maximum limit for the ocean's turbulence as they were gathered at a 
relatively shallow depth (compared to the 6000m sea floor) and in a current that is regarded as 
highly turbulent. Packwood (1989) also states the measurement made by Monin and Osmidov 
(1985) in the gulf stream which resulted in turbulence levels of 3-7mm/s. It can be concluded 
that the levels of turbulence in the ocean are of the order that would affect the position of 
transition and therefore the susceptibility of the vehicle shape to the background turbulence of 
the oncoming flow requires research.
Simpson et al (1987) published a description of a water sampling instrument and the 
subsequent in-situ data taken using that instrument. The instrument was designed to acquire 
water samples at differing depths in order to measure the particulate size and distribution of 
suspended solids in the water. From the results it can be deduced that in deep water (2000- 
4000m) particulate levels greater than lOO^ im are only found in quantities of 1-10 part per litre. 
This data was obtained in the Madeira abyssal plane. The effect of introducing particulate levels 
into the fl*ee stream were investigated by Ladd and Hendricks (1985) on a 9:1 fineness ratio 
ellipsoid body. The fl'ee stream of a water tunnel was seeded with particulate levels of different 
sizes and in different quantities. It was concluded that at a particle concentration of 40 part per 
litre the transition position was unaffected at particle sizes of less than 85.5pm. From the in-situ 
measurements and the experimental research into the effect of particulate levels in the oncoming 
flow, it can be concluded that at mid/deep ocean depths the particulate size and concentration 
will not affect the transition position.
1.4.3 Pressure Distribution
The pressure distribution on the body is directly related to the shape of the body in an 
axial flow. I f  the rate of change of the slope of the body is decreasing then the pressure on the 
body will decrease accordingly and produce a stabilising favourable pressure distribution. The 
opposite is also true, if the rate of change of slope of the body is increasing then the pressure 
distribution will de-stabilise the boundary layer. Generally, for a streamlined body, the pressure 
distribution is favourable fi'om the nose to the maximum thickness/diameter position because the 
shape of the surface tends to follow a convex smooth curve. Aft of the maximum 
thickness/diameter position the curvature of the body increases destabilising the boundary layer 
and instigating transition. Following transition, if the pressure distribution continues to become 
more adverse, then the boundary layer will eventually separate causing a large increase in the 
drag of the body. In order to delay or possibly deter separation altogether, the curvature is often 
decreased in the section just forward of the trailing edge. This third change in the curvature 
promotes a section of favourable pressure gradient, damping the perturbations in the boundary 
layer thus maintaining an attached turbulent boundary layer. It should be noted that at the point 
of separation the surface shear stress in reduced to zero and so there is no skin friction drag on 
the body. Therefore the ideal aftend design would accelerate the flow over the aft section of the 
body until the point of transition and then maintain that state to the trailing edge. This is an ideal
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situation as at the point of separation the flow is extremely unstable and in a practical situation 
impossible to maintain for any period of time. Therefore over the aft portion of the body the 
turbulent boundary layer is kept in a state just below separation, thus reducing the drag as far as 
possible and keeping the boundary layer attached. Empirical formulae for predicting the position 
of separation for 2D and 3D bodies have been defined by Stratford (1959) and Smith (1977) 
respectively. In use, these separation criteria, when used for incompressible low-speed flows, 
depend only on the Reynolds number based on the distance from the nose and the rate of 
change of the pressure coefficient with axial distance along the body. The pressure distribution 
along the body is dependant on the curvature of the surface and therefore the position of 
separation of the boundary layer, calculated by using the Stratford (1959) and Smith (1977) 
criteria, becomes only dependant on the shape of the body in terms of curvature.
1.4.4 Other Methods
Refining and optimising the shape of the body is only one way of controlling the 
boundary layer to have a long laminar section followed by a fully attached turbulent section. 
Packwood (1989) describes the possibilities of employing both passive and active systems to 
reduce the drag of the body by either reducing the turbulent contribution or by further delaying 
transition over and above purely geometric methods. The use of liblets, large eddy break up 
devices (LEBDs) and compliant skins as passive devices and polymer injection, porous skin 
suction and heating as active measures are also described. The experiments by Ladd and 
Hendricks (1985) using background particulate levels also included heating devices and Walsh 
and Linderman (1984) and Howard and Goodman (1985) describe the use of streamwise and 
circumffential grooves to reduce the turbulent drag. All of these methods provide some 
reduction in the drag of the turbulent section, generally about 5-10%. The deformable skin, 
heating and suction methods also give some reduction in the laminar drag contribution. 
Packwood (1989) concluded that the suction method would probably not be usable in the 
particulate laden water as the suspended solids in the water would block the porous skin 
required for this technique. Heating the surface of the vehicle also gives a decrease in the drag 
by altering the viscosity of the fluid in the boundary layer but at the expense of a high energy 
consumption which is unattractive in Hght of the arguments for a small vehicle already lodged. 
Polymer injection is used to restrict the size of the eddies in the turbulent boundary layer thus 
reducing the energy and the drag. This technique, when used for the DOLPHIN long range 
mission would require a volume of polymer of 8m^  drastically increasing the size of the vehicle 
and therefore it is not a realistic possibility for drag reduction in this case. The geometric passive 
methods, such as riblets and LEBS, affect the scale of the eddies in the boundary layer and 
therefore the size and shape of the devices have to be designed for a particular boundary layer 
state. These drag reduction methods hold the most realistic possibility for reducing the drag of 
the turbulent section. At present the only way of producing these effects on the surface of a 
body of revolution is either by applying a corrugated skin to the body or by directly machining 
the grooves into the surface of the body. The availability of commercially produced riblet film is 
limited to parallel groves which could not be used for a tapered or conical body and the direct 
machining manufacture would be expensive. These methods still hold the possibility of a further 
10% decrease in the turbulent drag contribution but requires significant research which would 
not be cost effective at present. Finally, applying a deformable rubberised skin to the vehicle acts 
as a mechanical damper to the perturbations in the boundary layer which instigate transition. At 
present this technique has yet to be demonstrated to work with 3 dimensional bodies and again 
may be of use in future projects.
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From this review of methods of drag reduction for use in the DOLPHIN project it was 
concluded that the most effective drag reduction technique at present is that of geometrical 
optimisation of the hull shape. This optimisation will concentrate on producing a shape that will 
exhibit a large amount of laminar flow and will have little or no separation. The hull 
optimisation will also be considered in terms of the whole vehicle design. This will take into 
account the interactions between the flows over the hull, flns and the propeller and will result in 
a total vehicle design.
The choice of propulsion system will also have a large effect on the boundary layer of 
the huh and also on the overall drag of the vehicle. English (1988) produced a conceptual design 
and design notes for the propulsion system for the DOGGIE vehicle. The DOGGIE vehicle wiU 
require a larger thrust and therefore produce a larger torque than the DOLPHIN vehicle but 
many of the points made by English still are relevant. Whatever propeUer /  motor system is to be 
used the same effects can be generally seen on the huh boundary layer. The axial and radial 
inflow of the propeller will increase the speed of the flow in the huh boundary layer forward of 
the propeher. This slight increase in speed will produce a stabihsing effect in the boundary layer 
with the possibility of reducing the drag of the turbulent boundary layer. The negative effects of 
the propeher are that aft of the propeher the flow is extremely turbulent and any part of the huh 
aft of the propeher will be in a separated flow thus increasing the drag over that part of the 
body. The design of the huh and the propeher together taking into account the interaction 
between the two components is essential to producing an efficient hydrodynamic design
1.5 EXISTING LOW DRAG SUBMERSIBLE RESEARCH AND AUTONOMOUS 
VEHICLES
The majority of drag reduction and transition delaying techniques were originahy 
investigated for the aerospace industry. The requirement for low drag wing sections to reduce 
the fuel load or to increase the maximum speed of the aircraft was identified. This said, httle 
investigation into the reduction of drag on axisymmetric bodies and especiahy those operating in 
water has been carried out. In the early 1960's Carmichael built and tested a free descent model 
of a low drag submersible. The body shape was based on a revolved NACA 66 series aerofoh 
section with a long tail boom added to attach the stabhising fins. The free descent model had a 
huh volume of 5.6ft  ^and a tail boom volume of 1.5ft^ , the model was released from just below 
the surface of the ocean. The model accelerated from rest until it reached a terminal velocity at a 
depth of about 800m. The terminal velocity was controled by altering the lead balast within the 
vehicle. At the conclusion of the test run a expendable balast was released to make the model 
positively buoyant therefore ahowing the model to return to the surface for recovery. The result 
of the sea trials and the model geometry can be found in Carmichael (1966). The test results 
showed that the Dolphin I  body exhibited a drag which was 40% of the drag of a corresponding 
standard torpedo body. The measured drag coefficient of the Dolphin I  had a minimum of 0.008 
(based on volume, D/!6pLPV^/^ ) at a length Reynolds number of 2.7 x 10^ . These drag 
characteristics are very similar to the proposed vehicle parameters for the DOLPHIN Autosub 
vehicle. In the early 1970's, with the increased availability of the computer. Parsons, Goodson 
and Goldschmied introduced a parametric family of low drag vehicle profiles and an 
optimisation procedure to computationally design low drag axisymmetric bodies for specific 
Reynolds numbers. The parameterised equations and the optimisation scheme can be seen in 
Parsons et al (1974). These equations were optimised for a volumetric Reynolds number of 2.5 
million and the resulting body shape tested in a water tank by Hansen and Hoyt (1984). The 
drag measurements that were made showed an improvement over the Carmichael design giving
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a volumetric drag coefficient of 0.0068 at the design Reynolds number. The model was also 
equipped with hot film anemometers in order to detect the position of transition. The results 
from the hot film tests showed that 67% of the body length exhibited laminar flow. The Hansen 
and Hoyt (1984) body shape, derived from the Parsons et al (1974) profiles, was used to 
produce the Unmanned Free Swimming Submersible (UFSS) which is described by Johnson
(1980).
Autonomous submersibles have been available for oceanographic research since the late 
1970's. In the proceedings of Oceans 1980, details of the SPURVII vehicle are published. This 
is a parallel sided vehicle for use in under ice surveys. This is a vehicle that was designed and 
built by the University of Washington and has a depth capability of 1500m and an endurance of 
7 hours. The physical dimensions of the SPURV family of vehicles are 4.5m long with a 
diameter of 0.5m and a displacement of 600kg in water. Further details of this vehicle can be 
found in Nodland et al (1981) and in Busby (1987). The SPURV vehicles typify the present 
state of the art in autonomous submersibles having a relatively short endurance, mid ocean 
depth capability and a cruise speed of l-5m/s. Busby (1987) publishes details of ARCS, AUSS, 
CSTV, and TELEMINE which all follow this generic type of vehicle. Details of the AUSS 
vehicle can also be found in Uhrich and Walton (1993).
TABLE 1.1 - Summary of recently developed autonomous submersibles
NAME ENDURANCE
hrs
LENGTH
m
MAX. 
DEPTH m
SPEED
m/s
DRAG
C nv
PRODUCING ORGANISATION
SPURV n 5.5 4.6 1500 3.5 0.124 University of Washington, USA
ARCS 24 5.2 300 2.5 0.03* ISE, Canada
AUSS 10 4.3 6100 3.5 0.03* NOSC, USA
CSTV 4 9.1 ------ 2.5 0.04* Naval Coastal Systems Center, USA
TELEMINE 5 5.0 150 10.0 0.04* Teksea, Switzerland
UFSS — 6.0 457 2.5 0.0068 Naval Research Lab., USA
B1 ------ 0.275 -- -- 0.007* Naval Underwater Systems Center, 
USA
ODYSSEY 20 2.4 6000 2.0 0.02* MTT, USA
MUST 24 9.0 700 4.0 — Perry Technology Inc, USA
VOYAGER 4 6.5 150 4 0.03* Perry Technology Inc, USA
AUV 36 6.5 300 2.5 0.03* Ferranti, UK
ARUS — — — — 0.025* Discontinued Project
MOBYD — — — — — 0.027 Discontinued Project
DOLPHIN 1 — 1.0 — — 0.008 Discontinued Project
* - estimated values based on comparisons with t 
(1976)
le unappended torpedo data in Granville
More relevant to this project are the details of the UFSS and B1 laminar flow feasibility 
vehicles described in Busby (1987). No test data from the B1 vehicle is known to have been 
released as this was developed as a military project except for the fact that laminar flow has 
been measured over 70% of the body. The UFSS was manufactured by the National Research 
Laboratory, USA and is based on the parametric equations of Parsons et al (1974). Kaminsky 
(1976) gives details of the dynamic characteristics of the vehicle but as with the B1 project no 
ocean test data is known to be available. Packwood (1989), NERC (1985) and Liu (1992) have 
all undertaken surveys of the present state of autonomous vehicles and their use, dimensions and 
capabihties. A summary of the data presented by these three authors can be seen in Table 1.1 
with additional details of recently launched vehicles and concept vehicles that are known to be 
under development.
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The additional vehicles in service include the M IT based Odyssey, Perry technology's 
MUST and Ocean Voyager, and the Ferranti/DTI/Moog/Chelsea instruments research AUV A 
Further vehicle that was initiated by the UK based Wealth from the Oceans group was the 
ARUS EU191 vehicle (HMSO(1991)). This vehicle was to be able to have operation criteria 
which combined the DOLPHIN and DOGGIE and was funded through the European Union but 
unfortunately did not progress past the initial design stage. Details of the Perry technology 
Submersibles can be found in WAVES (1992) , The Ferranti consortium AUV from GEC 
(1992) and the Odyssey vehicle from Bellingham and Chryssostomidis (1993) and Bellingham et 
al (1992). Of these four most recent vehicles the Odyssey is closest to the DOLPHIN vehicle in 
its design range, speed and endurance, with the other vehicles being more closely alhed to the 
DOGGIE vehicle concept. It can be seen that none of these vehicle have the range, depth and 
speed capability of the criteria set for the DOLPHIN project therefore proving the need for such 
a vehicle. Low drag vehicles have also been used for man powered prototype vehicles (Osse 
(1989) and Merry (1992)) and as experimental platforms for investigating laminar boundary 
layers i.e. MOBY-D.
1.6 OUTLINE OF THE RESEARCH PROGRAMME
The aim of the project was to design an optimum hull, fins and single stage propeller that 
might achieve a DOLPHIN type mission. The design had to be able to meet all of the range, 
speed, and size requirements already stated in Collar at al (1990). The chosen design would then 
be tested experimentally to verify the computational predictions and to provide empirical 
hydrodynamic characteristics for use in other areas of the DOLPHIN project.
Initial investigations, documented in Chapter 2, to define the volume, energy 
requirement, speed, and general shape followed the procedure outlined by Alers (1981). 
Modifications to the Alers (1981) procedure included the use of a Reynolds number dependant 
drag characteristic and a comparison between the energy requirement and the energy available 
based on the vehicle architecture. The second of these modifications was not an issue for Alers 
as the range was not large. Three generic vehicles were investigated, namely a parallel sided 
body, a streamlined body and a laminar flow body. Within the decision to chose a generic shape 
was the operational condition for minimum size, the economic condition of minimum cost and 
the performance criteria. It is shown that the only feasible solution is to develop the laminar 
flow hull for the long range, deep ocean water column sampling mission.
The general shape was then computationally optimised (see Chapter 3) to produce a 
solution which will provide a minimum drag shape and which will be able to be manufactured 
when the DOLPHIN vehicle in produced. The computational optimisation took the form of 
three parallel and co-dependent studies. The three studies defined the optimum shape for the 
hull, the fins, and the propeller, and takes into consideration the interaction between the three 
sections. Fig. 1.2 shows a simplified flow diagram of the concurrent hydrodynamic design 
process. The need for a concurrent approach to the hydrodynamic design can be illustrated by 
the procedure of defining the fin size. The size of the fins is governed by the need for static 
stabihty of the vehicle. The position of the fins axially along the body defines the distance 
between the fin hydrodynamic centre and the centre of buoyancy of the vehicle. I f  this distance 
is large then small fins are required and if it is small, larger fins are required. The axial position 
of the fins is restricted by the length of the hull. It will be seen in Chapters 2, 3, and 4 that the 
minimum drag hull is the shortest possible, which will increase the size of the fins. The increase 
in fin size will increase the fin drag contribution and so the combination of the fin and hull drag 
must be calculated. The combination of the body shape and length and the fin size must
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therefore be investigated concurrently to determine the optimum solution which fits the 
maximum number of design criteria.
The hull shape was optimised using the 'Myring' flow calculation code (Myring (1972)). 
Permission to use this code was kindly given by the Admiralty Research Establishment at 
Haslar. This code calculated the drag and boundary layer characteristics for a body of 
revolution. The code also has a simple propeller model included so that optimisation of the 
vehicle with and without a propeller can be performed. A series of mathematically defined hull 
forms, based on the UFSS vehicle (Johnson (1980)), was optimised using the Myring' code to 
determine the minimum drag solution. The propeller characteristics were calculated for a 
modified 'Gawn' propeller (see Chapter 4). A modified blade element theory approach was taken 
to calculate the thrust, torque and efficiency of a series of similar propellers. The flow field in 
which the propeller will be turning was incorporated into the design, the flow field being defined 
by the hull boundary layer characteristics at the propeller position. The fins were designed to 
maintain both stick fi'ee and stick fixed static stability and for a minimum drag solution (see 
Chapter 5). As has already been stated, the minimum drag solution will be calculated for the 
combination of the drag of the hull, fins and propeller. Also included in the design procedure 
were consideration of the internal architecture of the final DOLPHIN vehicle. These 
considerations included the volume and space required for flap and fin control runs, propulsion 
motors and transmission shafts, pressure vessels and sensor suites. Other considerations also 
included the manufacture of the final model in terms of propeller shape and manufacture 
technique and outer hull shape and the position of joins and hatches. The final hydrodynamic 
design of the outer shape of the vehicle will therefore not necessarily be the minimum drag 
solution but will be the minimum drag solution taking into account all of the operational and 
manufacture criteria and the internal naval architecture of the vehicle.
Once the computational aspect of the design was completed the final hull, fins, and 
propeller shapes were experimentally tested. A model was manufactured and tested to ascertain 
the position of transition and to measure the static hydrodynamic characteristics of the body 
shape, details of the model fabrication can be found in Chapter 6. Hydrodynamic characteristics 
were determined for the drag, lift and pitching moment of the vehicle in several configurations 
including appended and unappended and with tripped and free transition (see Chapters 7-10). 
Other measurements were made to define the boundary layer profile at the propeller position 
and to calculate the flap characteristics. These tests were conducted in 'ideal' conditions with a 
free stream flow that had turbulence levels below those that will affect the transition position. A 
final test was conducted in a much more turbulent medium and the effect of this on the 
boundary layer transition position investigated. The comprehensive series of results gained from 
these tests will provide verification of the computations used to design the body shape and 
additional information to quantify assumptions which have been made in the design process.
It is believed that this project provides a unique set of computational and experimental 
results for a laminar flow submersible design. A complete initial design procedure is presented 
that provides information, optimisation methods and results for the computational design of a 
laminar flow hull, stabilising fins and a single stage propeller. A previously un-documented 
definition for a family of closed body profiles is described and the drag characteristics presented. 
A single, optimum profile was selected and experimentally investigated. The profile was tested 
in its fully closed form, a procedure that has not been previously documented for a laminar flow 
submersible design. Chapters 7-10 describe a significant fundamental problem which was both 
recognised and corrected. This problem lay in how the model and test equipment are integrated 
and the effect it has on the flow over the body shape. Finally the testing of the same model in
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two different free stream conditions provides an insight into the possible performance of the 
final vehicle in both the mid/deep ocean and the upper ocean.
Generic Optimisation
Alers procedure 
Realistic Drag Profile
DOLPHIN Proiect Criteria
Range, Speed, Depth 
Vehicle Architecture
Displaced Volume 
Battery Requirement 
Approx. Cost 
^  General Shape 
Neutral Stability
COMMON PARAMETERS
Propeller Speed Body Length Fin Position
Propeller Position Body Voiume Fin Size
Propeller Size Huli Boundary Layer Flap Size
PropelierType Huli Drag Fin Drag
PROPELLER DESIGN
Maximum Efficiency
Modified Blade 
Element Theory
HULL DESIGN
Minimum Drag 
Myring Program
FIN DESIGN
Static Stability
Stick Free and Fixed 
Stability Criteria
OPTIMISED SOLUTION
Hull, Fin and Prop. Shape 
Hull, Fin and Prop. Performance
EXPERIMENTAL FEEDBACK
Confirmation 
Suggested Changes
7K WIND TUNNEL TESTS
Model Design and Manufacture 
Experimental Measurement 
Results Analysis
Fig. 1.2 - Simplified flow diagram of the hydrodynamic design procedure
From the experimental results in Chapters 8 and 10 it can be seen that the vehicle has 
70% of the length in laminar flow in ideal free stream conditions. The drag of this vehicle was 
measured to be 25% of the drag of a torpedo with natural transition and 80% in a tripped 
transition configuration. Finally the transition position was located at 45%L in a significantly 
more turbulent free stream with an estimated drag 50% of that of a torpedo. A summary of the
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proposed DOLPHIN vehicle specification (Collar et al (1990) and NERC (1985)) and the 
computational and experimental results from this research can be seen in Table 1.4.
Table 1.4 - Comparison of the proposed DOLPHIN specification and the computational and experimental
results of this research.
DOLPHIN Vehicle Proposed Specification
Range 7000 km
Endurance 30 days
Cruise Speed 2.5 m/s
Target Volume 3.5 m^
Target Length 6 m
Extent of Laminar Flow 70% of vehicle Length
Design Volumetric Reynolds Number 2.5 X 1 0 6
Energy Requirement 300 kWh
Depth Capability 6000 m, 600 bar
Experimental and Computational Results
Volume (bare hull) 4.4 m^
Length 6 m
Energy Requirement 250 kWh
Extent of Laminar Flow (0.08% turb. int.) 70% of vehicle Length
Extent of Laminar Flow (1% turb. int.) 55% of vehicle Length
Volumetric Drag Coefficient at Design Reynolds Number 0.0061
(computed)
Volumetric Drag Coefficient at Design Reynolds Number 0.0041
(experimental low b.g. turb.)
Volumetric Drag Coefficient at Design Reynolds Number 0.0095
(estimated experimental high b.g. turb.)
Volumetric Drag Coefficient at Design Reynolds Number 0.0189
(experimental low b.g. turb., fiilly turbulent boundary layer)
- 1 . 1 5 -
Chapter 2 General Vehicle Optimisation
GENERAL VEHICLE 
OPTIMISATION
This chapter consists of the contents of a paper entitled 'The optimimum dimensions for a 
long-range, deep-diving, underwater vehicel for oceanographic survey' written by A.Huggins and 
AR.Packwood. This paper was published in Volume 21, Issue Number 1 (January 1994) of the 
International Journal of Ocean Engineering on pages 45 to 56.
The paper presented in this Chapter was written by and contains the research of 
A.Huggins with A.R.Packwood acting in a supervisory and editorial role. The Department of 
Mechanical Engineering, The University of Surrey has a tradition of publishing papers with the 
authors name first (if the author is not a member of the academic stafi^  followed by the 
supervisor/grant holder providing the contents of the paper present the research of the author who 
is a student of the department. This is the case for this particular paper.
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NUMERICAL BODY SHAPE 
OPTIMISATION
3.1 INTRODUCTION
From the general parameter optimisation, in Chapter 2, it was concluded that if  a vehicle 
carrying out a trans-oceanic CTD data gathering mission was to be viable, when compared to 
surface ship techniques, it would have to be of a laminar-flow shape, travel at a constant speed of 
2,5m/s, have a displaced volume of 4.4m  ^and therefore a length of 6m. These calculated general 
parameters lead to the formulation of a design Reynolds number based on the vehicle bare volume 
(appendages not included) which is defined as -
(3.1)
V
With the vehicle assumed to be travelling at a constant depth of 3000m in salt water (with a 
kinematic viscosity of 1.6372 x 10’6 m /^s, Harvald (1983)) the design Reynolds number is 2.502 x 
1 0 6 .
In order to design a hydrodynamically efficient outer hull for this Reynolds number the 
drag coefficient of a series of different low drag body outlines will be calculated using an iterative 
potential/viscous interaction code. The code was developed by Myring (1972) and amended and 
validated by Atkins (1974, 1979a and b) to calculate the boundary layer characteristics of bodies 
of revolution at zero angle of incidence.
3.2 THE INITIAL SHAPE DEFINITION
In the mid 1970's an eight parameter family of low drag bodies was developed by Parsons 
et al (1974) which segmented a low drag profile into three parts, namely a fore, a mid, and an aft 
body. The fore body ran from the nose to the maximum diameter position and was described by a 
4th order polynomial, this was defined by the nose radius, the axial- position of the maximum 
diameter, the fineness ratio of the body and the curvature at the maximum diameter. The mid body 
extended from the maximum diameter to a point of inflection further aft, this was described by a 
5th order polynomial and was defined by the mid body length, the fineness ratio, the body radius 
at the inflection, the slope at the inflection, and the curvature at the maximum diameter. Moving 
rearwards from the inflection position the aft body terminated in a thick parallel boom section 
described again by a 5th order polynomial defined by the fineness ratio, the aft body length, the 
radius and slope at the inflection, and the thickness of the boom at the end of the body. The 
segmentation of the body is shown in Fig. 3.1. The three equations were also constrained by a) 
continuity of both slope and curvature at the maximum diameter and the inflection, b) there being 
no maxima or minima on the fore or aft bodies and c) there being no inflections on the fore and 
mid bodies.
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A towing tank model defined by these profile equations was produced and tested by 
Hansen and Hoyt (1984), they found that the transition from laminar to turbulent flow over the 
body occurred at 67%L and the minimum drag coefficient was found at a Reynolds number of 
approximately 2.5 x 10^ . In the light of these experimental results the Parsons equations with the 
Hansen and Hoyt parameters were used as a base geometry for the detailed drag optimisation of 
the outer hull.
In the use of the "Myring' flow code the axial position of transition must be known, 
therefore, it was decided to keep the fore and mid sections of the body identical to those of 
Hansen and Hoyt's model thus experimentally defining and fixing the transition position. The thick 
open tail boom was designed in order to employ a stock propeller when the body profile was used 
in the Unmanned Free Swimming Submersible (UFSS) project which tested a propelled, 
autonomous, low drag submersible off the American coast in 1979 and 1984, Busby (1987). For 
UFSS the Hansen and Hoyt body was terminated after the parallel section with a parallel boss 
propeller and an elliptic tail cone.
MIDBODY AFTENDFOREBODY
1204020
Fig. 3.1 - Representation of the Parsons/Hansen and Hoyt (UFSS) laminar flow vehicle shape
The drag of the body shown in Fig. 3.1 can probably be decreased by altering the tail 
arrangement to a closed/cusped aft body with a specifically designed propeller which matches the 
body shape and the boundary layer at the propeller plane. This new aft body would reduce the 
skin fiiction drag by reducing the surface area without encroaching on the useful internal payload 
volume. It would also reduce the profile drag by having a totally attached boundary layer over the 
aft section as opposed to a separated region over the elliptic tail cone. Finally, by designing a 
propeller to match the afl; body the profile drag would be reduced even more. This can be 
achieved by using the axial inflow forward of the propeller to produce a more favourable pressure 
gradient on the aft section, also the increase in velocity aft of the propeller would stabilise the 
flow at the tail. The reduction of the drag through purely geometric means is the main thrust of 
this study. This part of the research programme is primarily interested with the numerical 
optimisation of the body shape to give the lowest drag practically possible. Also within the 
research study is a second objective to experimentally measure the drag of the vehicle in order to 
verify the calculations.
3.3 THE AFT BODY EQUATION
The profile equation of the afi; body must conform to several conditions in order to give a 
streamlined solution which will not upset the flow over the body. Therefore the equation must 
have continuity of radius, slope and curvature at the zero curvature position (the join between the
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mid and aft bodies), it must be closed i.e. zero radius at the tail and it must have no maximum or 
minimum between the zero curvature position and the tail. In order to make a meaningful study of 
a series of aft bodies the equation must be able to give a set of shapes ranging from very short 
cone shapes to long parallel boom type shapes. The equation chosen was a composite ftmction 
combining straight line, sine fimction and quadratic curves. These were combined to give the aft 
body profile equation -
y = (A+Bx)sin
7VC \
I+ Cx  ^+ D x+ E (3.2)
where y represents the body radius, x the axial distance along the body from the nose and x& the 
aft body length. The calculation of the constants A, B, C, D, and E can be found in Appendix 1.
1
0.8
0.6
0.4
y/L
0.2
-o--o
0
- 0.2
0.150.05 0.1 0.20
x/L
-------■— STRAIGHT LINE
— SINE
------- ♦— SINExSTR-UNE
— QUADRATIC
-------À— TOTAL
Fig. 3.2 - Break down of the aft body profile equation
The aft body equation is shown in Fig. 3.2 broken down into it's constituent parts for an 
arbitrary case. For the equation to be solved the angle at which the tail intersects the axis is 
needed, this is specified by the tail semi angle (at), with at = 0° being a tangential intersect and oq 
= 90° being a perpendicular intersect. The range of aft body lengths and tail semi angles for which 
the equation produces no maximum or minimum is shown in Fig. 3.3. The figure shows the 
equation evaluated for a high number of equally spaced points giving a limit to the equation 
bounds and for a small number of points representing the more likely usefiil range when being 
used with the 'Myring' code. The aft body length (xa) is taken as the distance from the zero 
curvature position non-dimensionalised by the length of the Hansen and Hoyt body i.e. the length 
from the nose to the end of the aft section, therefore, x& = 0.2 gives a body of the same length as 
the Hansen and Hoyt model.
The definition of all of the non-dimensional parameters that are needed to define the fore, 
mid and aft body equations for both the UFSS and the modified shape can be seen in Fig. 3.4 and 
Table 3.1. The parameters in capitals are dimensional quantities and x is the axial distance from 
the nose, y is the body radius taken from the axis of revolution about which the profile is
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developed, d is the maximum diameter of the body, L is the body length scale (from the nose to 
the end of the aft body for the UFSS). Note that the tail boom radius is not shown in Fig. 3.4 and 
is defined as the radius of the body profile at x/L = 1.0.
80
160 PTS LOWER UMTT
160 PTS UPPER LIMIT
a  /degs
12 PTS LOWWER LIMIT
12 PTS UPPER LIMIT
0.25 0.3 0.350.20.150.05 O.I
Fig. 3.3 - The aft body equation limits (upper and lower)
50 60 80 90 10020 30 40 70
-m
Fig. 3.4 - Non-dimensional parameters used in the body generation equations (pictorial)
3.4 THE WRING'CODE
The "Myring" potential/viscous interaction method for calculating the boundary layer 
characteristics of an unappended axisymmetric body at zero angle of incidence was first produced 
for the Royal Aircraft Establishment (RAE), Famborough, UK by Myring (1973). It was 
originally used to predict the drag of aircraft fuselages and has more recently been used by 
Admiralty Research Establishment Haslar (ARE), Gosport, UK for predicting the flow around 
underwater vehicles, in particular torpedoes. The ARE, who co-sponsored the first phase of the 
project reported here, kindly gave permission for the University of Surrey to use this code.
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Table 3.1 - Non-dimensional parameters used in the body generation equations (numerical)
Non Dimensional 
Parameter
Definition
I’ll
radius of curva 
f4 X  ^
d" J
ture at
Id y 'j
the nose
-1
x=o
%
fineness ratio
_ L 
d
Nn
position of the maximum diameter 
L
ki
curvature at the n
r z x n  
I  d J
laximu
fd^y^l
Id x 'J
m diameter
x=x„
Xi
axial position of the inflection 
L
Ti
body radius at the inflection
_ 2K, 
d
Si
body slope at th
r \
Xi - Xm
i-^J
le inflection 
'.dxyx=Xi
t
tail boom thickness 
T 
~ L
OCt
Tail Semi angle
The "Myring" code uses an iterative method to predict the drag of a body of revolution. 
The first part of the computation is to calculate the velocity of the flow over the body at various 
positions along the shape. This is achieved by dividing the profile shape into segments to form a 
faceted profile, the velocity of the flow over each panel can then be calculated using an inviscid 
flow solution. Once the velocity profile over the shape is known the boundary layer characteristics 
can be calculated from viscous flow solutions. From the boundary layer characteristics the drag of
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the vehicle can be calculated. At the completion of the boundary layer calculations the 
displacement thickness is then used to re-calculate the velocity profile and thus the new boundary 
layer characteristics and the drag. The second drag result is compared with the first and if the 
difference is with a predefined limit the solution has converged if not the process is repeated until 
a limit is found.
Sample Input Data Program Variable Name
67 47
1.167 67.0 2.0
9126284
2 1.0
0.000 0.000
0.213 0.708
3.349 2.908
12.628 6.042
96.053 0.665
98.026 0.181
100.000 0.000
105.000 0.000
110.000 0.000
195.000 0.000
200.000 0.000
0.0 0.0005
98.026 0.665 3.180 0.85 1.05
PP
TT El
P
AN 
R
N HDIV 
X/L*100 Y/L*100
BODY CO-ORDINATES
TOL
WAKE CO-ORDINATES
XR HR TR VR DR
P = Total number of points (including wake)
PP = Number of point on body (excluding wake)
AN = Nose radius of curvature (= 0 for pointed, = 10,000 
for flat)
TT = transition position X tran/L*100
El = wake entrainment factor (recommended value = 2.0)
M = free stream Mach number (incompressible = 0.0)
TOL = Drag iteration tolerance
R = Reynolds number based on body total length and free
stream velocity
N = Afl body modification index (= 2 for use with 
propulser, = 1 for standard afl end, = -1 for fiill afl end 
with angle >20°)
HDIV = Fineness ration factor, divides y co-ordinate, 
usually = 1.0
X/L* 100 = body axial co-ordinate
Y/L* 100 = body radial co-ordinate
XR = axial position of the propulser (X prop/L*100)
HR = hub radius of the propulser (Y hub/L*100)
TR = Tip radius of the propulser (Y tip/L*100)
VR = Mean axial velocity at the propiflsor plane 
DR = Propulser diflusion ratio /  axial inflow factor
Fig. 3.5 - Sample 'Myring' input code
For the first iteration a velocity profile is required to initiate the boundary layer 
calculations. The velocity profile is chosen to be proportional to the cosine of the angle of each 
panel to the horizontal (body centreline). Following the first iteration the velocity profile is 
calculated using the panel method of Smith (1967) with the body profile panel being displaced 
fi*om the original input profile by a distance defined by the boundary layer displacement thickness 
The Smith (1967) method calculates the velocity profile by dividing the body into a series of 
conical finstums, these body surface elements are then represented by constant density source 
panels. The source panels mathematically represent the flow over the body in an inviscid flow by 
producing a flow field around which the ffeestream is displaced. An inviscid calculation of the
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influence of each panel singularity element on each other panel is calculated thus giving the 
tangential velocity of the flow at the centre of each panel.
The viscous calculations are based on the theories of Luxton and Young (1960) and Head 
(1958) for the laminar and the turbulent boundary layers respectively. These are used to calculate 
most of the boundary layer characteristics, in particular, the displacement thickness, the boundary 
layer thickness, the profile power law index and the momentum area. The Luxton and Young 
method (1960) is an extension of the Blazius method for solving the boundary layer momentum 
integral equation, the Blazius solution being limited to incompressible flows over a flat plate. 
Luxton and Young (1960) extended the theory to include the effect of surface curvature, the 
compressibility of the fl-eestream, and heat tranfser across the boundary layer. All of these effects 
have been implemented within the "Myring” code but the compressibility and heat transfer options 
will not be used for these calculations as the Reynolds number of this vehicle is too low. The 
Luxton and Young (1960) method is known to give good results in favourable and small adverse 
pressure gradients. The turbulent boundary layer characteristics are calculated using the method 
described by Head (1958). This method uses an approximate method of solving the momentum 
integral equation by assuming the characteristic development of the boundary layer form factor 
and applying this to the momentum integral auxilliary equation. This method is used widely and 
was developed for use in both small and large pressure gradients and also has the possibility of 
being used with suction and blowing of the boundary layer. The position of the interface between 
the laminar and turbulent boundary layers is defined in the program input parameters and 
therefore no transition model is employed. In reality the position of the transition fi*om laminar to 
turbulent boundary layer flow is defined by the shape of the body and the resulting velocity profile 
and a smooth transition across all of the boundary layer characteristics is seen. In this calculation 
the transition is set at a particular axial position and so the change fi*om laminar to turbulent flow 
is instantaneous. I f  the transition position is not defined in the correct position it is possible to 
have discontinuities in the boundary layer characteristics and therefore errors in the final drag 
coefficient values.
Finally the drag of the body is calculated using the method of Squire and Young (1937) 
which extrapolates the momentum area of the body to infinity downstream to give the skin friction 
and profile drag. A wake region, the same length as the body section, is appended to the tail of the 
body. The boundary layer characteristics are calculated for this region and so result in parameters 
which tend towards an asymptotic solution. These additional wake calculations ensure that the 
drag calculations, applied at the end of the wake, are performed with parameters that are near to a 
consistent value.
Later work by Atkins (1979a and b) has modified the basic program to include a "full aft 
body" correction and a potential representation of a lightly loaded single stage or contra-rotating 
propulsor for use with marine vehicles. The propulsor is represented by a constant sink 
distribution over the propeller disk area plus an instantaneous uniform increase in free stream 
velocity at the propeller plane (Atkins (1979b)). The effect of this potential representation of the 
propeller is seen through a change in the displacement surface which is altered to be cylindrical 
down stream of the propulsor. This method requires some knowledge of the effective increase in 
velocity through the propeller, a quantity which is not usually known, which can lead to some 
errors in the calculations. The application to which this method was originally applied was that of 
torpedo type shapes with a large amount of turbulent flow. The large turbulent flow region will 
produce a thick boundary layer at the rear of the shape in which the propeller model will 
effectively be wholly immersed. In reality the flow just forward of the propeller will tent to 
accelerate in both the radial and axial senses thus having a large effect on the state of the
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boundary layer. I f  the propeller is immersed in the boundary layer the effect of the propeller model 
will be to only increase the velocity down stream thus producing only a slight effect on the 
boundary layer upstream and the boundary layer thickness will be only slightly affected. In the 
laminar flow vehicle case it is expected that the boundary layer thickness will be small compared 
to the radius of the propeller therefore the propeller will be mainly working in the fi’eestream. The 
effect of the propeller model in this case will be to not only affect the fi'ee stream velocity 
upstream and down stream but to produce a large step in the displacement surface at the propeller 
plane. In reality this would not be the case as the boundary layer would thicken more gradually to 
meet the propeller thus the code in this case may be producing results that may not be comparable 
to the read situation.
The "full aft body" modification (Atkins (1979a)) alters the fi*ee stream velocity over the 
aft body to account for the longitudinal pressure gradient across the boundary layer, found 
experimentally, for aft bodies with an angle of 20° or more. As the attend of the body shapes to be 
used are generally less than 20° this modification will mot be employed.
Input characteristics for the program are the body co-ordinates including a wake region, 
the number of co-ordinates in total and on the body only, the nose radius of curvature, the 
transition position, the wake entrainment factor, the Mach number of the free stream, the iteration 
tolerance, the fi’ee stream Reynolds number based on the body length, the aft body modification 
index, and a fineness ratio factor. I f  the program is to be used with the propeller modification the 
axial position of the propeller, the hub and tip radius of the propeller, the mean axial velocity at 
the propeller lane, and the propulsor diflusion ratio (also known as the axial inflow factor) all 
need to be known. Fig. 3.5 shows a sample input file and explanation of parameters.
Table 3.2 - The non-dimensional parameters for the Hansen and Hoyt (UFSS) body profile equations
Non Dimensional 
Parameter
Value
Tn 0-5
4-5
Xm 0-5555
h 1-5
Xi 08
n 0-5
Si 2-0
t 0.3
3.5 VALIDATION OF THE 'MYRING' CODE
The code has been validated for a number of axisymmetric body profiles by both Myring 
(1973) and Atkins (1979b and 1988), these include the airship "Akron", ellipsoid bodies, 
streamlined bodies and various parallel bodied "torpedo" shapes. It was concluded from these 
validations that the code gives drag coefficients to within ±5% of experimental data for various 
Reynolds numbers (based on body length) of between 2 x 10^  and 2 x lOT Also the boundary 
layer characteristics are generally within ±10% of those measured experimentally with the aft 
section being the most inaccurate region. Although the tail region characteristics are quite 
inaccurate it was noted that this did not alter the predicted drag coefficients dramatically.
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Table 3.3 - The point proportion and distributions used in the 'Myring' code validation process
DISTRIBUTION
FORE M ID AFT WAKE PROPORTION
CASEl
ncos — 
2
ncos — 
2
ncos — 
2
EQUAL
SPACE
EQUAL
CASE2 cos % cos %
7t
COS —  
2
EQUAL
SPACE
EQUAL
CASE3 COS 7U COS TT EQUAL
SPACE
EQUAL
SPACE
EQUAL
CASE4 COS 71 COS 7C EQUAL
SPACE
EQUAL
SPACE
CHANGE FORE
CASE5 COS 71 COS 71 EQUAL
SPACE
EQUAL
SPACE
CHANGE M ID
CASE6 COS n COS % EQUAL
SPACE
EQUAL
SPACE
CHANGE AFT
CASE7 COS 7Z COS n EQUAL
SPACE
EQUAL
SPACE
CHANGE WAKE
Notes - (i) the cos|^Yj distribution bunches the points at the beginning of the section.
(ii) the cos(7t) distribution bunches the points at the beginning and the end of the section.
(iii) the fore body begins at the nose and extends rearwards, the mid body begins at the 
inflection and extends forward, the aft body begins at the inflection and extends 
rearward and the wake begins at the tail and extends rearward.
(iv) the "Myring' code parameters used are AN = 1.11122, TT = 67.0, E l = 2.0, M l = 
0.0, TOL = 0.0005, R = 9161984, N  = +1, HDIV = 1.0, No propeller.
_______ (v) the wake is the same length as the body.___________________________________
Most of the bodies used to validate the code have been of a relatively large fineness 
ratios (L/D = 8 to 11) and have the transition position well forward, therefore there is a need for 
the program to be validated for a laminar flow body with a small fineness ratio and a well aft 
transition position against existing experimental data. The body profile used for this purpose is 
that tested by Hansen and Hoyt (1984) in the USNA 116m towing tank, a view of the body 
profile can be seen in Fig. 3.1. The body produced for the test was based on the equations 
developed by Parsons et al (1974) as explained in Section 3.2 with the non-dimensional 
characteristics in Table 3.2. The parameters used are described in Fig. 3.4 with the exception of 
the tail boom thickness as this diagram shows the vehicle with the parameters for the modified aft 
body. From a series of drag measurement tests Hansen and Hoyt (1984) produced a 
drag/Reynolds number characteristic plot which gave a volumetric drag coefficient of 0.0069 at a 
Reynolds number of 2.5 x 10^  with an accuracy of ±3%. Also the turbulence intermittency levels 
oh the body were measured using surface mounted hot film anemometry which located the 
transition position at 67%L.
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No data currently exists describing what effects the number of points or the distribution of 
the points has on the drag co-efficient, therefore, two series of tests were carried out to 
investigate :
a) the effect of point distribution. The fore, mid and aft bodies were given various 
distributions to 'bunch' the points around one or more of the following - the nose, mid 
point, inflection and tail. The number of points on each section were proportional to that 
section's length (the number of points in the wake was set to one third of the number of 
body points) and a range of total number of points were investigated.
b) the effect of disproportional point numbers between the body sections. A basic point 
distribution was chosen from the first test, this has 25 fore body points, 12 mid body 
points, 10 aft body points and the wake was given one third the number of total body 
points. The number of points on the various sections, including the wake, were then 
altered independently of each other.
The details of the tests carried out can be seen in Table 3.3.
The variation of the volumetric drag coefficient (based on the enclosed volume of the 
vehicle) with the total number of points (including the wake) for the point distribution 
investigation is shown in Fig. 3.6. It can be seen that as long as the total number of points does 
not exceed 70 then the accuracy of the results is almost independent of point distribution. Other 
tests were made with the points equally spaced over the whole body and for the points bunched at 
the nose, mid point, inflection, and tail, these resulted in very few converged results. The 
distribution chosen for the remainder of the tests was that of CASE3 as this was the most tolerant 
to the number of points used giving the widest range of converged solutions. The average 
volumetric drag coefficient for CASE3 was 0.006715 with an maximum deviation from the mean 
of ±1.2% over the range of 20 to 80 total number of points These results are within 4% of the 
experimental drag coefficient measured by Hansen and Hoyt (1984) and agree well with the 
accuracy test on the code from Myring (1973) and Atkins (1979). The number of points chosen 
for the ftirther validation was that of 59 points as this was the closest result to the mean.
The way in which the volumetric drag coefficient varies with the apportioning of the 
points between the sections can be seen in Fig. 3.7. The drag coefficient is almost constant with 
the increase in the number of points on the fore, aft and wake sections over a large range of the 
total number of points. However, the drag coefficient is highly dependant on the number of mid 
body points. It can be seen that with mid body point numbers greater than 20 do not give 
meaningful results. Therefore for the full aftbody optimisation it was decided to use the point 
distribution of CASE3 with 27 points on the fore body, 12 on the mid body, half the number of 
points in the wake as on the body, and the number of points on the aft body proportional to the 
aft body length.
It is believed that the main cause of both of the convergence failures discussed above 
and the loss of accuracy when using more than 75 points (Fig. 3.6) is numerical rather than 
theoretical error. Differences between panel properties are evaluated as part of the inviscid flow 
calculation; e.g. the change in slope and the source strengths of the panels. As the number of 
panels is increased, or as they are grouped in regions where panel to panel flow variations are 
small, these differences become smaller and smaller, perhaps becoming comparable with machine 
rounding errors. This inevitably propagates errors through the remaining sections of the 
calculation, leading to either inaccurate predictions or convergence failures. This can be seen in 
the sensitivity to the mid body point distribution and spacing, as the panels have very similar 
slopes in this region.
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3.6 THE NUMERICAL OPTIMISATION OF THE AFT BODY
The ’Myring' code was run with a large range of body shapes based on the fore and mid 
bodies of Hansen and Hoyt with the addition of the new aft body derived fi*om the closed aft body 
equation (Eqn. 3.2). The number of profile points used for each section of the body and the 
distribution of those points are as stated in Section 3.5. The range of aft body shapes investigated 
encompassed aft body lengths of = 0.1 tp 0.3 and tail semi angles cq = 0° to 25°, all of which 
lie within the bound of the 'no maximum or minimum' criterion as seen in Fig. 3.3. This range of 
profiles give bodies fi’om 10% shorter to 10% longer than the Hansen and Hoyt model. The 
physical size of the fore and mid section and the transition position were kept the same 
throughout the optimisation by scaling the body co-ordinates, the non-dimensional transition 
position and the Reynolds number (which are inputs to the code) by the ratio of the new body 
length to the length of the Hansen and Hoyt model, this is necessary as the profile co-ordinates of 
the body must lie between 0 (nose) and 100 (tail).
0.011
DV
0.007
0.0065
0.006
0.0105 -
0.01 - □
0.0095 -
■ CASEl
0.009 -
□ CASE2
0.0085 -
♦ CASE3
0.008 -
UFSS
0.0075 -
i  m
10 20 30 40 50 60 70 80 90 100
TOTAL No. OF POINTS
Fig. 3.6 - The effect of the point distribution on the 'Myring' code
For example, based on the Hansen and Hoyt non-dimensional model length (fi*om the nose 
to the end of the aft body) of 100 and the Reynolds number being based on the length of 6m, a 
free stream velocity of 2.5 m/s and a kinematic viscosity of 1.6372 x 10"^  rrP'/s
Non dimensional fore body length = 55.55
Non dimensional mid body length = 80.0 - 55.55 = 24.45
Nominal non dimensional aft body length =15.0
Total non dimensional body length = 95.0
Original non dimensional transition position = 67.0
Original Reynolds number based on H & H  body length = 9161984
100
New fore body length = 55.55 x ~ ^ =  58.47
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100
New mid body length = 24.45 x = 25.74
New aft body length = 15.0 x ■ ^ ‘= 15.79
New transition position = 67.0 x = 70.53
95
New Reynolds number = 9161984 x 8703885 
The aft body profiles investigated can be seen in Figs. 3.8a - e
The results of this series of calculations can be seen in Fig. 3.9 which show the variation of 
the volumetric drag coefficient with changes to both the aft body length and the tail semi angle. 
Immediately it can be seen that there is a definite decrease in the drag coefficient over the Hansen 
and Hoyt figure, on average about 11%. The drag coefficient is seen to increase with both an 
increase in tail semi angle and aft body length. Therefore the most efficient solution should be the 
shortest aft body with the smallest semi angle. As the drag coefficient increases with aft body 
length there is a definite need to choose the shortest aft body possible.
The propeller that was optimised in Chapter 4 was used in the code to calculate the drag 
coefficient of the body with the addition of a propulsor at the rear. The non dimensional propeller 
characteristics used in the "Myring' code were - HR = 0.636, TR = 3.18, VR = 0.85, DR = 1.05, 
and the axial position of the propeller XR was chosen as the point on the body at which the body 
radius was closest to the propeller hub radius. The results from this set of tests can be seen in Fig. 
3.10. The volumetric drag coefficient varies in a similar way to the results without the propeller 
but a small decrease in all of the drag coefficients is seen. The decrease in the drag coefficient 
between the propelled and unpropelled cases ranges from 0.25% to 1.5% with the greater 
decreases occurring at the longer aft body lengths.
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Fig. 3.7 - The effect of disproportionate sharing of points between the body sections
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Fig. 3.8a -The aft body shapes for Xa = 0.1 at = 0,5,10,15,20,25'
y/L X 100
16
14
12
10
8
a  increasing
6
4
2
0
95 100 105 11085 9080
x/L X100
Fig. 3.8b - The aft body shapes for Xg = 0.15 at = 0,5,10,15,20,25°
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Fig. 3.8c - The aft body shapes for Xg = 0.2 = 0,5,10,15,20,25°
y/L X100
16
14
12
10
8
6 a  increasing
4
2
0
95 100 105 1109080 85
x/L X100
Fig. 3.8d - The aft body shapes for Xg = 0.25 at = 0 ,5,10,15,20,25'
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FIG 3.8e - The aft body shapes for \  = 0.3 at = 5,10,15'
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Fig. 3.9 - Results of the 'Myring' code for the body without the propeller modification
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This is due to the propeller being placed Anther forward on the longer aft bodies and so the effect 
that the increase in velocity rearward of the propeller has on the profile drag coefficient,
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stabilising the boundary layer, is more pronounced due to the increased area which it can affect. In 
most marine application of propellers the addition of the propeller tends to increase the drag of 
the whole vessel. The reason for this is that the propeller is usually working in separated flow and 
therefore is not affecting the flow of the water over the vessel. By not affecting the flow over the 
vessel no stabilisation of the boundary layer over the vessel's hull can take place and therefore no 
drag reduction reaped.
The boundary layer characteristics of a representative body (xa = 0.2, at = 15°) can be 
seen in Figs. 3.11 and 3.12. These figures show the ratio of the velocity on the body to the fi*ee 
stream velocity, the boundary layer thickness, and the boundary layer profile power law index for 
both the propelled and the unpropelled cases. Fig. 3.11 shows the velocity on the fore and mid 
bodies gradually increases without producing a large pressure peak at the nose, as would be the 
case for a turbulent flow vehicle with a more rounded nose, and so a long stretch of favourable 
pressure gradient is produced which supports the laminar boundary and delays transition. The 
effect of the inclusion of the propeller can also be clearly seen with a sudden increase in the 
velocity ratio at the propeller plane. Aft of the inflection position (x/L x 100 = 80) the velocity 
increases again producing another region of favourable pressure gradient which stabihses the 
turbulent boundary layer and keeps it attached to the body. In the unpropelled case at the tail the 
velocity decreases producing an adverse pressure gradient but this is not strong enough to cause 
separation when compared to empirical separation criteria such as Stratford (1959) and Smith 
(1977). Contraiy to this, in the propelled case this decelerating region is reinforced by the action 
of the propeller thus increasing the velocity in this region, stabihsing the boundary layer and 
preventing separation.
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Fig. 3.10 - Results of the 'Myring' code for the body with the propeller modification
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Fig. 3.11 - The velocity ratios calculated by the 'Myring' code with (+P) and without (-P) the propeller 
modification
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Fig. 3.12 - The boundary layer thickness and the power law index calculated by the 'Myring' code with (+P) 
and without (-P) the propeller modification_________________________ _______________________
The growth of the turbulent boundary layer can be seen in Fig. 3.12 were the boundary 
layer thickness and the power law index are shown. With the introduction of the propeller the 
boundary layer thickness can be seen to decrease when compared with the unpropelled case, this 
is due to the stabilising effect of the increase in velocity produced by the propeller model. The 
boundaiy layer thickness at the propeller plane is found to be 0.125m for the full scale vehicle.
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The power law index gives the velocity profile of the boundary layer at any point, the profile used 
is of the form -
(3.3)
where u is the velocity in the boundary layer, U is the fi-ee stream velocity, y is the normal 
distance fi*om the body surface, and d is the boundary layer thickness. At the plane of the 
propeller the index 'n' is seen to increase fi*om 4.0 to 5.0 with the inclusion of the propeller.
It can be concluded that the 'Myring' code can be used to predict the drag coefficient 
and boundary layer characteristics for a laminar flow body profile with good accuracy when 
compared to experimental observations. It was found that the new aft body gave a significant 
decrease in the drag coefficient compared with the open boom aft body used by Hansen and Hoyt. 
The inclusion of a propeller at the aft end of the body still fiirther decreases the drag coefficient of 
the body by energising the boundary layer through instantaneously increasing the velocity aft of 
the propeller plane. The chosen values for the aft end length and the tail semi angle were 0.2 and 
15° respectively. These values were chosen in conjunction with the analysis performed in 
Chapters 4 and 5 and will also be discussed in these chapters. The results of this optimisation 
process can now be implemented in the design of the propeller and the control surfaces. In 
particular the drag of the body in the unpropelled case, and the boundary layer thickness and 
profile index at the propeller are of great importance in the design of an efficient propeller. A  
summary of this chapter and a discussion of possible transition models for use with the Myring 
code can be found in Packwood and Huggins (1994).
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SINGLE-STAGE DRAG- 
MATCHED PROPELLER DESIGN
4.1 INTRODUCTION
In order to design an efficient propulsion system for this long range low-drag vehicle four 
main considerations were taken into account, namely -
(i) The propeller must be able to produce enough thrust to overcome the drag of the 
whole vehicle when cruising at the design speed (2.5 m/s) at the maximum efficiency,
(ii) The propeller should be as efficient as possible at the vehicle design speed,
(iii) The motor driving the propeller was already specified for the final vehicle and
(iv) The propeller must be able to be manufactured on a 3 axis CNC milling machine.
The basic design of the propeller was based on the "Gawn" series (Gawn (1953)) which has a 
relatively simple geometry being of elliptic developed outline with a flat back circular arc section, 
both of which can be easily numerically modelled. Experimentally obtained propeller charts exist 
for a wide range of advance ratios and blade area ratios with which any computations can be 
verified.
The operating conditions under which the propeller will be turning have partially been 
defined. The axial velocity is constrained by the vehicle's forward design speed, the flow field in 
which the propeller will be immersed by the boundary layer attached to the vehicle hull, and the 
rotational speed defined by the maximum efficiency speed of the chosen motor. The motor being 
of a DC brushless type details of which can be found in Enghsh (1988) and Nautilus (1992). The 
vehicle's design speed has already been calculated in Chapter 2 and is 2.5m/s, the boundary layer 
characteristics have been calculated in Chapter 3 giving a first estimate of the thickness and 
velocity profile of the boundary layer as 1.7%L and 1/5 power law respectively, and the rotational 
speed has been chosen as 300 rpm on the assumption that the motor used is to be a brushless DC 
motor as suggested by the Institute of Oceanographic Sciences Deacon Laboratory (lOSDL) in 
Nautilus No. 4 (1992).
This chapter will describe the theory used in a FORTRAN program which calculates the 
propeller thrust, torque and efficiency for a given blade section shape and developed outline. A  
comparison is made between the calculated and the 'Gawn' propeller characteristics and changes 
that where made to the geometry in order to increase the efficiency and to produce a propeller 
that could be manufactured on a standard 3 axis numerically controlled milling machine are 
explained.
4.2 THEORY BEHIND THE PROPELLER PROGRAM
The main basis for the blade element theory approach used was that outlined by Durand 
(1963). The theoiy is an amalgamation of classical blade element theory and actuator disc theory. 
Both the element and the actuator theories are implemented to define the rate of change of the
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thrust and torque with respect to the radial position from the propeller hub. These quantities are 
calculated in terms of the elemental lift and drag coefficients, the pitch angle, the axial inflow 
factor and the radial inflow factor. The equations defining the thrust and torque are solved using 
an iterative approach. Further details of the theory can be found in Appendix 2.
Parameters relating to the type of propeller need to be known before the calculations of 
the thrust, torque and efficiency can be completed. These parameters include the blade element 
average chord, the axial velocity of the oncoming flow at each radial position, the number of 
blades and the elemental lift and drag coefficients. The choice of the number of blades for the 
propeller was based on the findings of O'Brien (1962) who states that "for screws of unrestricted 
diameter those of three blades have a larger diameter and a higher efficiency than those of four 
blades....". The choice of three rather than two or four blades also takes into account the fact that 
in a single revolution the propeller blades have to pass through the fin wakes in turn. I f  more than 
one of the blades is immersed in a fin wake at any one time possible cyclic vibration of the 
propeller may be encountered. The vibration being caused by having several of the blades acting 
in a separated flow field therefore not producing the optimum thrust and torque compared to the 
blades in open water.
The blade element chord at each radial position is directly related to the chosen developed 
outline and the chosen blade area ratio. In this case the blade area ratio chosen was 0.2 as it has 
been shown by Gawn (1953) that the lower the blade area ratio, the higher the efficiency at a 
given pitch to diameter ratio and advance ratio. The developed outline and the subsequent 
calculation of the chord length along the pitch axis can be found in Appendix 3 for the Gawn 
elliptic developed outline.
The choice of characteristics to be employed in the program for calculating the elemental 
lift and drag were somewhat difficult. The Gawn series of propellers have a blade section that has 
a flat face and a circular arc back. In this case the thickness to chord ratios found along each blade 
vary from semi-circular (50% t/c) to >5% t/c giving great difficulty in defining an all 
encompassing set of equations to predict the element drag, lift and with vaiydng angle of 
incidence. An extensive literature search provided no experimental results within the Reynolds 
number range to be encountered (1x10  ^ to 1x10  ^ based on chord length) so extrapolated 
empirical data was chosen to define the skin friction drag and the pressure drag variations with 
Reynolds number, the lift curve slope and the form of the lift/drag curve.
The equation chosen to define the relationship between the skin fiiction drag and the 
Reynolds number was the Schultz - Grunow equation as stated in Hoemer (1965), giving
0.427 
(logio^,,-0.407y
Eqn 4.1 being formulated to model the behaviour of a turbulent boundary layer.
This equation approximates the skin fiiction drag coefficient for a flow across a plane flat wall 
therefore some effect due to the thickness of the blade element is required. This can then be 
applied to the skin fiiction drag to give a realistic profile drag. The correction for this effect can 
be found in Hoemer (1965) and is of the form -
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C dq  — I C f  - < 1+2 (4.2)
The variation of both Cf and C^o with respect to the chord Reynolds number can be seen in Fig. 
4.1 for several thickness to chord ratios. The lift coefficient variation with incidence also has to be 
numerically modelled. A comprehensive equation describing the lift coefficient in terms of the 
thickness ratio and the camber ratio of the section can be found in Harvald (1983). The equation 
has the form
C^=2n 1.0-0.83-
c
fa+2.05^ (4.3)
l.OOE+06 l.OOE+07 1.00E-K)81.00E404 l.OOE+051.00E403
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Fig. 4.1 - Variation of the skin friction coefficient and pressure drag coefficient with Reynolds number for the 
Schultz-Grunow equation and the empirical thickness correction________________________________
Where t/c is the thickness to chord ratio, f^ c is the camber to chord ratio and a  is the true 
incidence taking into account the zero lift angle offset angle. The camber to chord ratio will vary 
with the thickness to chord ratio, a good approximation being half of the thickness to chord ratio, 
but for simplicity this was kept constant at 0.01. Also in the calculation the zero lift angle was 
chosen to be 0.025 radians on the basis that the NACA 44 series has a similar shape and therefore 
a similar zero lift angle, (Abbott and von Doenhoff (1959)). The variation of the lift coefficient 
with incidence can be seen in Fig. 4.2 for a t/c of 10%. [These approximations to the 
characteristics of the "Gawn" blade section were later found to be erroneous, (see Section 4.3 and 
11.1)].
Using equations 4.1 and 4.2 to describe the variation of the lift and drag coefficients with 
respect to the incidence and chordal Reynolds number for a particular 2D blade element section 
has one small shortcoming. I f  the variation of lift coefficient with drag coefficient is plotted using
4 . 3 -
Chapter 4 Single-Stage Drag Matched Propeller Design
these equations the drag coefficient is constant for all lift coefficients whereas in reality the drag 
coefficient variation with lift coefficient has a parabolic form, (Abbott and von Doenhofif (1959)). 
Therefore an approximation to this effect was modelled by using the equation
C ^ = C .+ K C l (4.4)
The variation of the drag coefficient with respect to the incidence (Hft coefficient) for various 
values of K can be seen in Fig. 4.3.
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-0.5
Fig. 4.2 - Lift coefficient variation with angle of incidence att/c=Q.1
Finally a correction for the use of a propeller with a finite number of blades and the attributed 
losses fi"om the radial circulation along each blade was introduced. The chosen correction was 
that calculated by Prandtl and documented in Durand Vol. IV  (1963). This was used because the 
correction becomes a simple multiplying factor applied to the equations defining the axial and 
radial inflow factors (Appendix 2 equations A2.30 and A2.32). The factor being defined by
F 2 —1 ~F-\= -COS e ^ (4.5)
where
B (R -R q) 
2r sin (j)
(4.6)
Within the calculation limits were set on the number of iterations and the accuracy of the 
convergence. The maximum number of iterations was 50 and the relative error between iteration 
was defined as 10'^ . As will be seen in the results section of this chapter there are several cases 
where the program either did not converge in the given number of iterations or the result hit a 
"resonance" and so oscillated around an answer but did not achieve the convergence criteria, in
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both cases the results have not been used but may, in the future, with a faster computer or less 
stringent limits, result in data that can be incorporated into the propeller design.
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Fig. 4.3 - Drag coefficient variation with incidence angle with varying induced drag factors
4.3 RESULTS OF THE PROPELLER CHARACTERISTIC CALCULATIONS
The initial investigations into the use of the propeller characteristic calculation program 
involved the reproduction of the Gawn propeller charts produced from experimental data, Gawn 
(1961), for a chosen blade area ratio (BAR) and a range of advance ratios (J) and pitch to 
diameter ratios (P/D). The chosen blade area ratio was 0.2 because the Gawn charts show that the 
lower the blade area ratio the higher the possible efficiency. A reproduction of the Gawn (1953) 
propeller chart for a blade area ratio of 0.2 can be seen in Fig. 4.4. In order to continue with the 
process the value of K in Eqn. 4.4 had to be defined. It was found, see Figs. 4.5-4.T, that as K is 
increased increases, and as is dominant in the equation for Kq as opposed to Cl for Kj at 
low angles of incidence, the efficiency of the propeller is decreased. I f  Fig. 4.5 is compared to the 
Gawn chart (Fig. 4.4) for the blade area ratio of 0.2 the efficiency curves at the lower P/D values 
are too high and again if Fig. 4.6 is similarly compared the efficiencies are generally too low, 
especially at the lower values of P/D. After some experimentation and extrapolation of the three 
chosen values for K a value of 0.097 was chosen for use in the full propeller optimisation 
calculations.
The full propeller charts for the calculated representative Gawn propeller, running in a 
uniform free stream with a blade area ratio of 0.2 can be seen in Fig. 4.8. The chart departs a little 
from the true Gawn experimental procedure in that the range of advance ratios is achieved in the 
calculations by fixing the axial and rotational velocities of the propeller and altering the diameter 
as opposed to altering the velocities and fixing the diameter in the experimental case. The method 
by which this range of advance ratios is achieved is immaterial and has no effect on the results or 
their vahdity.
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EFFECT OF PITCH AND BLADE WIDTH ON PROPELLER PERFORMANCE
Ç* f  ? rO 0 . 0  o o
*(l A0N3I3I333 "IX 1N3I3I33300 iSnWHi 
162
Fig. 4.4 - Reproduction of the Gawn (1953) propeller chart for BAR = 0.2
Comparing the Gawn results with Fig. 4.8 it can be seen that at the lower values of P/D 
and J, the magnitude and position of the K^ , Kq and t| curves agree well, but at higher values the
- 4 . 6 -
Chapter 4 Single-Stage Drag Matched Propeller Design
magnitude of is slightly low giving a decrease of about 3 - 5% in efficiency. The decrease in the 
efficiency at higher advance ratios can be attributed to the approximate methods by which the lift 
and drag characteristics of the propeller section were calculated. Until further experimental data is 
available, the fact that the propeller chart data differs slightly in magnitude fi"om the experimental 
Gawn data (and that the peak efficiency points for each value of P/D are at the correct J) values 
will be accepted and the detailed design of the propeller will continue having shown that the 
calculations are reasonably accurate.
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Fig. 4.5 - Calculated propeller chart for the standard Gawn propeller with K=0.05
As an additional check, a representative propeller with a P/D = 1 .2  and J = 1.05 was 
chosen and the values of the hydrodynamic pitch angle (|), the angle of incidence a, and the lift and 
drag coefficients Cl and Cd plotted for each element along the blade. This gives an indication 
whether the blade is stalling at any section, giving rise to large, unrealistic values for the lift and 
drag coefficients as no stall model is built into the lift and drag calculations.
A plot of these characteristics for the standard Gawn representation propeller can be seen 
in Fig. 4.9 showing a roughly constant angle of incidence of 4.5° and no stall i.e. Cl < 1.5 at all 
positions along the blade. This shows that the propeller will be producing thrust at all positions 
along the blade. With a constant angle of incidence of 4.5° the propeller sections will be operating 
at the maximum lift to drag ratio and therefore at the maximum efficiency.
In order to reconstruct the actual operating conditions in which the propeller will be 
working a wake profile was introduced as a factor affecting the axial inflow velocity. The profile 
used to model this flow was taken directly from the results of the "Myring" code calculations (see 
Chapter 3) which resulted in the boundary layer attached to the hull at the propeller station having 
a l/5th power law profile over a thickness from the hull surface of 0.1m (taking the vehicle length 
as 6.0m). A scaling factor (1-WDF), multiplying the axial velocity at each element along the 
blade, was used and can be seen in Fig. 4.10. It must be noted that for the lower values of J a
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larger diameter of propeller is used so a smaller percentage of the blade is acting in the boundary 
layer and vice versa for the larger values of J.
Comparing Figs. 4.8 and 4.11, the propeller charts for the standard Gawn propeller 
without and with the wake correction, it can be seen that the efiSciency curves have generally 
increased in magnitude and the peak values for all of the P/D values have moved to higher J 
values. From the section characteristics displayed in Fig. 4.12 compared with those in Fig. 4.9 the 
outboard sections have the same values and the inboard values of a  have increased therefore 
increasing Cl and Cd but again stall is not encountered at any radial position.
0.6 0.8 1.2 1.4 1.6 1.8
0.8 eta 1.0 eta
------0.8 Kt -------------O----- 1.0 Kt
------0.8 Kq -------------D-....... 1.0 Kq
1.2 eta ----- 0------ 1.4 eta
1.2 Kt ----- 0-------1.4 Kt
1.2 Kq ----- 0........ 1.4 Kq
1.6 eta 1.8 eta
1.6 Kt - 1.8 Kt
T  ®
-- 0.02
-- 0.04
- ■ 0.06
-- 0.08
-- 0.1
-- 0.12
-- 0.14
-- 0.16
-- 0.18
-- 0.2
Fig. 4.6 - Calculated propeller chart for the standard Gawn propeller with K=0.1
During all of the incremental changes made to the original Gawn propeller the four main 
design criteria stated earlier were always adhered to. Steps have been made to increase the 
efficiency and within the program the motor parameters have been applied by fixing the rotational 
velocity of the propeller to 300 r.p.m. (Nautilus (1992)). Now the manufacturing constraints need 
to be investigated. It was envisaged that the whole propeller (boss and blades) be manufactured 
fi’om a single billet of material on a 2^ or 3 axis milling machine for strength and cost reasons. 
The method for machining the blades would be as follows - the upper and lower surface of each 
blade would be machined separately, the upper first then the piece would be turned over and the 
opposite face machined. This process in theory sounded simple until we look at the complex 
nature of the propeller blade geometry and the angles at which the elemental sections lie with 
respect to the centre line of the propeller. The inboard section of the Gawn propeller has a very 
thick section (up to 45% t/c) and lies at a very high pitch angle (up to 1 radian) so when looked at 
fi*om a manufacturing point of view, as in Fig. 4.13, there are problems producing the upper 
surfaces of the blades. As the cutting tool attempts to follow the upper surface profile a point 
occurs when the cutter reverses direction and removes some required material firom the blade 
causing a recess in the profile. The solution to this is to either reduce the thickness of the profile 
or reduce the pitch angle at the root of the blade or a combination of both as the piece cannot be 
easily manipulated on such a basic milling machine.____________  ___ __________________
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Fig. 4.7 - Calculated propeller chart for the standard Gawn propeller with K=0.15
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Fig. 4.8 - Calculated propeller chart for the standard Gawn propeller
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Fig. 4.9 - Variation of section characteristics along the blade for the standard Gawn propeller
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Fig. 4.10 - Wake and pitch factor variation along the blade
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Fig. 4.11 - Propeller chart for the standard Gawn propeller in the wake
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Fig. 4.12 - Variation of section characteristics along the blade for the standard Gawn propeller in the wake
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Fig. 4.13 - Diagram showing the need for reducing the blade thickness for manufacture purposes to 
eradicate undercutting __________________________________________
Fig. 4.14 displays graphically the alterations to the thickness distribution along the blade. 
The Gawn thickness profile develops from approximately a semicircular section at the root (r/R = 
0.2) to a very thin section at the tip of the blade varying linearly in between. It was decided to 
reduce the root thickness by a factor of 3, therefore reducing the thickness to chord ratio to 
approximately 16% which produces a more efiScient and an easier to manufacture profile. Then 
the thickness at the tip of the blade was varied from zero to having the same thickness as the root 
(constant thickness blade). The effect of the changes in tip thickness was then examined using the 
computational model.
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Fig. 4.14 - Thickness distribution along the blades
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Fig. 4.15 - Propeller chart for the standard Gawn propeller in the wake with tt=0
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Fig. 4.16 - Variation of section characteristics along the blade for the standard Gawn propeller in the wake 
with tt=0
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Fig. 4.17 - Propeller chart for the standard Gawn propeller in the wake with tt=0.4
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Fig. 4.18 - Variation of section characteristics along the blade for the standard Gawn propeller in the wake 
with tt=0.4
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Fig. 4.19 - Propeller chart for the standard Gawn propeller in the wake with tt=0.8
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Fig. 4.20 - Variation of section characteristics along the blade for the standard Gawn propeller in the wake 
with tt=0.8
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Fig. 4.21 - Propeller chart for the standard Gawn propeller in the wake with tt=0.2 and the pitch altered
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Fig. 4.22 - Variation of section characteristics along the blade for the standard Gawn propeller in the wake 
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The propeller charts for three increments between these two extremes, namely tip to 
centreline thickness ratios of 0.0, 0.4 and 0.8, can be seen along with the corresponding sectional 
characteristics in Figs. 4.15 to 4.20. From this series of graphs it can be seen that there is a 
significant increase overall in the efBciency and a slight movement of the peak efficiency values 
for each P/D value towards the left with increases in the tip to root thickness ratio with the 
greatest efficiency values being recorded at the tip to root thickness ratio value of 0.0. The reason 
for this trend can be seen from the section characteristic plots where, for the thicker blades the 
outboard sections have an increased elemental and (more so C^) giving a decrease in the 
elemental efficiency, this is reflected in the overall efficiency. One possible problem with this 
reduction in the root thickness is that the first elemental section of the blade has stalled with the 
plots showing very high values for Cl, obviously this will have to be reduced before the design is 
finalised. From these findings it can be concluded that for the efficiency to be maximised the 
smallest tip thickness possible must be chosen bearing in mind the problems associated with the 
manufacture and machining of very thin sections. Therefore a tip to root thickness ratio of 0.2 
was chosen giving a full scale tip thickness in the region of 1 to 3 mm.
Again at this point in the propeller design process a check was made to see if the problem 
with the undercutting in the manufacture stage of the design was solved and it was found that 
further modifications were necessary to reduce the angle of the root section so that machining 
could be successful. The application of the thickness change caused a stalled region at the root 
which needed to be rectified. A reduction in the pitch angle would not only produce a 'flatter' 
profile for manufacture but would reduce the angle of incidence and so reduce the stalled region 
at the root. The reduction of the pitch at the root of the blades is common practice, (see 
Robb(1952)) as this ensures that all of the blade is producing thrust.
Fig. 4.10 shows the pitch distribution (p/P - the ratio of the pitch at an elemental radius to 
the pitch at the tip) chosen to reduce the value of C l and to eradicate the manufacture problems. 
The full propeller charts for the finalised propeller design incorporating the wake representation, 
the thickness reduction and the pitch reduction at the root can be seen in Fig. 4.21 along with the 
accompanying section characteristics in Fig. 4.22. Comparing these graphs with Fig. 4.8 and 4.9 
respectively, the charts for the standard Gawn propeller, shows an increase in the efficiency of 
10% across all of the P/D and advance ratio values and a movement to the right of the peak 
efficiency values by an increment of 0.2 in the advance ratio. From the section data it can be seen 
that the values for the outboard sections (r > 0.125m) are very similar but inboard the final 
propeller design has a large increase in the values of Cl, Cd, and a  and a decrease in the value of 
(|) giving rise to an increase in the section efficiency of the inboard section which contribute to the 
overall efficiency gains.
At this point it should be noted that the theory, and the resulting conclusion about the 
propeller design contains an assumption which is not correct. Propeller tests (see Chapter 8) 
resulted in the measurement of the propeller thrust and torque at a level 80% lower than predicted 
in this Chapter. Following further research into these test results two possible causes of this 
discrepancy arose, firstly the test equipment was in error or secondly that design procedure has 
flaws. Problems with the test equipment will be discussed in Chapter 8. In Eqn. 4.3 it was stated 
that the value of f/c was held constant. In reality f/c varies with t/c and therefore this assumption 
is not true to the real behaviour of aerofoils. Before these results can be used to design a propeller 
for use with the submersible the program must be amended to include a model for the variation of 
camber with thickness. Further discussion of this problem is found in Chapter 11.
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4.4 THE CHOICE OF THE RIGHT PROPELLER
Having now produced a full set of propeller charts for the final propeller design that fiilfil 
the first three initial design criteria, a particular propeller must be chosen to complete the design 
mission specified in the final design criteria. From Chapter 2 the volumetric drag coefficient of the 
body alone is 0.008 and from Chapter 5 the drag coefficient based on the planform area of the fins 
can be deduced to be 0.004 giving a total body drag for the fifily appended vehicle of a displaced 
volume of 4.4m  ^equal to 86.5N running at the design operating conditions. To chose a propeller 
that will produce a thrust that will overcome this drag a series of diameters were chosen arbitrarily 
ranging from 0.35m to 0.55m in increments of 0.05m. At each of these diameters the values of the 
advance ratio and the thrust coefficient were calculated and pinpointed on the full propeller chart. 
For each point the P/D was extrapolated from the graph. Finally for each P/D and advance ratio 
the efficiency was found graphically and plotted against the corresponding diameter, as seen in 
Fig. 4.23, and the diameter for the maximum efficiency chosen. This method resulted in a 
propeller of the geometry already defined in terms of blade section, developed outline and 
thickness distribution with a diameter of 0.386m giving an efficiency of 84% at a P/D of 1.46 and 
an advance ratio of 1.29.
0.9
0.85
0.8
0.75
0.7
0.65
1.2 1.4 1.81.6
P/D
Fig. 4.22 - Optimisation of the diameter using the efficiency vs. P/D curve
4.5 THE STRENGTH OF THE DESIGNED PROPELLER
The strength of the propeller was calculated for a half scale model to be tested in a wind 
tunnel. The scale and test medium changes resulted in a geometrically and dynamically similar 
(equal advance ratio) propeller with a diameter of 0.193m being tested in an axial flow with a 
velocity of 45m/s and rotating at 10800 rpm. The speed of the model propeller for the wind tunnel 
test was calculated using the fact that for dynamic similarity between the test and the real situation 
the advance ratio of the two conditions must be equal.
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Following the procedure outlined by Conolly (1961) to calculate the stresses in an 
operating propeller the three main stresses were found. The three stresses being the radial (a )^ and 
transverse (o j stress caused by the bending moments in the blades and the tensile stress (o )^ due 
to the centripetal force on the propeller blade. These can be mathematically defined by the 
equations -
Rk (  2tiR
(T jC t^  — ------- 1 Cl-,------------ f-ÛTo —
R
(4.7)
( j f t  =
B A
I ttR + A
R
(4.8)
(T. =
1010
q+-iRc^ cos^ tons/in.' (4.9)
Table 4.1 defines the constants in the equations 4.7 to 4.9 noting that as ‘i', the rake angle, 
is zero then the last constant 'C2 * is not required. These constants are taken directly form Conolly 
(1961) using the geometry of the designed propeller and the tables supplied. Table 4.2 gives the 
calculated stresses for the half scale model propeller as intended to operate in the wind tunnel at 
four positions along the blade fi*om the blade root to the tip. Comparing the resultant stresses in 
Table 4.2 with the Ultimate Tensile Strength (UTS) of propeller material gives the safety factor 
for the rotating propeller. The model propeller was manufactured from aluminium alloy (6082 T6) 
which has a UTS of 245 MPa, therefore comparing this to the resultant stresses in Table 4.2 
results in safety factors of greater than 10 at all of the blade radii considered. The propeller tests 
are described in Chapter 8.
I  able 4.1 - Constants for the strength calculations. (Conolly, 1961)
r/R K ai a? hi b? Cl
0.21 0.1203 7.75 65.5 2.5 21.5 16.14
0.502 0.072 9.8 35.5 5.05 20.5 7.7
0.757 0.0154 13.3 36 7.85 24.75 4.2
0.92 0.001 18.8 37.3 9.75 28.4 1.52
Table 4.2 - Strength calculations for the propeller. (Conolly, 1961)
r/R Chord/mm Thickness/mm CTr/MPa a /^MPa at/MPa C'rpsiiltnTit/MPa
0.21 19 3.2 20.1 6.6 5.3 21.8
0.502 28.5 2.3 12.1 6.6 2.5 14.0
0.757 19.3 1.6 9.5 6.0 1.4 11.3
0.92 8.8 1 4.4 2.6 0.5 5.1
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DESIGN OF THE CONTROL 
SURFACES
5.1 INTRODUCTION
When a moving mechanical system, such as the submersible taken as a \vhole, is displaced 
from an equilibrium state then the system will either return to its original state, stay at the 
displaced state or depart to a new, possibly unpredictable state. The final, resulting state defines 
the stability of the system, it is either stable, neutral or unstable. The magnitude of the stability or 
instability is defined by the size and direction of the resultant forces and moments acting upon the 
system after displacement. For the submersible, the origins of the displacement or small 
disturbance may be due to sudden changes or mechanical noise in the control surfaces or more 
likely changes in the direction and velocity of the oncoming flow over the vehicle relative to the 
geometrical line of symmetry of the body.
Two measures of the stabihty of the vehicle will be investigated in this chapter, namely 
"stick fixed" and "stick free" static stability, the names being derived from the aero industry and 
refer to the pilots control '"stick" or column. In this case the "stick" is a virtual one, being a set of 
actuators connecting the control surfaces to the navigation system, but the theories still apply. The 
stick fixed static margin is defined by the distance between the vehicle's centre of gravity and the 
hydrodynamic centre of the whole body (including fins) when the fins are set in a particular 
position. This is a measure of the reluctance of the vehicle to depart from a trimmed position with 
no changes in the control positions. The stick free static margin is defined by the same 
hydrodynamic features but in this case the control surfaces are left to move freely therefore 
implying that no hinge moments on the flap pivots are present.
The theory applying to the above statements can be found in Appendix 4. This theory 
relates the geometry of the vehicle and its body and control characteristics to the rate of change of 
the vehicle pitching moment with respect to the lift . Or in non-dimensional terms -
^M f
5.2 ASSUMPTIONS AND AVAILABLE DATA
In both the theoretical definition and practical application of Eqns. A4.19 and A4.25 for 
the stick fixed and free stability calculations several assumptions have been made. These are :-
a) The vehicle is mechanically rigid and does not show any flexibility in it's structure when 
hydrodynamic or static forces are applied.
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b) The hydrodynamic characteristics for the vehicle, both body and fins, are generally 
linear. This is true if -
c) The theory is limited to small disturbances only e.g. for incidences between ±3°.
d) The centre of buoyancy and the centre of gravity are coincident and lie on the line of 
symmetry of the vehicle. This assumption simplifies the theory and is applicable to the 
wind tunnel model. In the actual vehicle the centre of gravity will almost certainly be 
below the centre of buoyancy. The majority of the buoyancy comes fi^ om the pressure 
vessel and the majority of the mass from the battery load inside that vessel and as the 
batteries are likely to be loaded in the lower half of the pressure vessel this substantiates 
the previous argument. This said the actual vehicle will have a righting moment both in 
pitch and roll due to the relative positions of the centre of gravity and buoyancy, therefore 
taking them to be coincident can be deemed as a 'worst case' scenario for the purposes of 
this study.
e) The value of 'h', the distance from the nose of the vehicle to the position of the centre 
of gravity, (see Fig. A4.1) is set to zero, therefore the resulting values for the neutral 
points will be presented in body lengths from the nose, positive rearwards. This is not 
usual practice, but in this case, where the position of the centre of gravity is to be 
determined, it will provide the most applicable results.
Q The position of the pressure vessel inside of the vehicle (see Fig. 2.1, Chapter 2) is such 
that the centre of gravity of the whole vehicle will be at approximately 50%L. I f  the 
hydrodynamic centre of the vehicle is aft of 50%L then the vehicle will be statically stable 
and thus unstable if forward of this position. Therefore, the criteria set for the stick free 
and fixed static margin was that it must be aft of 50%L. The ideal situation is to have the 
vehicle slightly stable (by approximately 5%L) therefore minimising the power required 
for the control surfaces to manoeuvre the vehicle. This minimises the energy requirement 
and the payload and so produces the possibility of producing a smaller vehicle. An 
unstable vehicle, although possibly being very manoeuvrable, in this case is undesirable as 
the control surfaces would have to be constantly correcting the attitude of the vehicle to 
keep it on a steady course. This would drain the energy resources heavily and so would 
increase the size of the vehicle when compared to a stable solution.
and
g) The maximum span of the fins is restricted to less than 1.2d. This is to protect the fins 
against damage due to operational handling at sea.
From the findings of Chapters 2 and 3 several of the parameters required for the static 
stability calculations have already been defined, namely L, d and V  and from assumption e) above 
h=0. From Kaminsky (1976) the values of'a' and 'ho' can also be deduced for the UFSS vehicle, 
and as this is possibly the only set of stability data available for this type of body this will be used 
in the stability calculations, 'a/ can also be estimated from the equation stated in Seckel (1964) -
a , = - ^  (5.1)
' 4
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where A is the aspect ratio of the fins i.e. span/planform area. This correction to the two 
dimensional theorectical lift curve slope (2%) is concerned with the effect that the aspect ratio of 
the fin has on the amount of lift produced at various angles of incidence. The flow over the flap is 
generally in the chordwise direction but a small amount of spanwise flow is produced. As the 
spanwise element of the flow nears the fin tip the flow detaches and forms trailing vortices 
emanating from the fin tips. The effect of these vortices, one on each fin tip, is to increase the 
drag and to reduce the lift of the fin. The aspect ratio of the fin determines the strength of the tip 
vortices and therefore the amount by which the drag and lift are altered i.e. the greater the aspect 
ratio the smaller the effect of the vortices and the smaller the effect on the lift and drag of the fin 
and vice versa.
5.3 STICK FIXED STATIC STABILITY
From the previous section several of the required characteristics have already been 
defined, those left are Sf and If . Given a chord and an aspect ratio for the fins then Sf can be 
calculated and If can be defined by the distance between the fins off body neutral point and the 
chord position of the fins. The leading edge of the fins was defined as being at O.IL forward of the 
tail. This gives a maximum fin chord of 0.5m (given L = 6m) thus leaving room for the propeller 
and end cap aft of this.
For a range of aspect ratios, fin chords and tail lengths equation 5.1 and A4.19 were used 
to calculate the stick fixed static margin for each case. Also, choosing an NACA 66-006 
symmetrical aerofoil section for the fins, the drag of the four fins was calculated for each case
(given Qy =0.0045 from Abbott and von Doenhoff (1959)). The NACA 66-006 aerofoil section
was chosen for it's low drag profile and for having a thick enough section to allow for any ducts, 
control rods or other equipment.
I f  the intersection of the static margin curves in Figs. 5.1 to 5.3 with the 0.5L line are 
found it can be seen that the larger the aspect ratio the smaller the chord (therefore the area) of 
the fins. I f  the results form Figs. 5.1 to 5.3 are compared it can also be seen that the longer the aft 
body, and therefore the further aft the fins, the smaller the chord of the fins (and thus the area) for 
a specific aspect ratio. I f  a line from the cross over points is constructed vertically on each graph 
and the intersection of this line with the corresponding drag curve the variation of the drag with 
aspect ratio and aft body length can be found. It can be seen that the drag decreases with both 
increases in aspect ratio and increases in aftbody length. Thus, in order to meet the 0.5L static 
stability margin criteria there are several aspect ratios that could be used with corresponding fin 
chords. The fins with the larger aspect ratios have smaller areas which is due to the larger lift that 
is being produced when using Eqn. 5.1 and therefore being smaller produce less drag. This leads 
to the solution of the longest body vdth the larger aspect ratio fins being the most desirable case 
from a drag point of view.
Fig. 5.4 adds the drag of the fins to the vehicle drag as calculated in Chapter 3. It can be 
seen that although Chapter 3 states that the best body alone solution is the shortest body, when 
the fins are added the longest solution is more advantageous in terms of the total vehicle drag. 
The figures for the drag of the body and the fins are averages over the tail angle and aspect ratio 
ranges respectively. The drag coefScient figure of the total body of approximately 0.008 also 
concurs with the assumption made in Chapter 2 for the generic optimisation.
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Before choosing a fin size that meets all of the assumptions and stipulations already stated 
one final criteria must be fulfilled. For the propeller to operate effectively and efiSciently the 
propeller hub diameter must match the attend diameter at the propeller position and the angle of 
the tail cone at that position must be small (<10°). The propeller hub radius, from Chapter 4, is 
0.0386m which equates to 0.64%L, this diameter can be compared to Figs. 3.8a to 3.8e to give 
the axial position of the propeller for any tail shape. Also the mechanical aspects of the control 
surface systems and the propeller transmission must be considered. In particular, how the control 
runs and actuators which move the fin flaps and the propeller transmission shaft are to be fitted 
into the tail section.
In the light of these additional criteria, a tail section with a length of O.IL has too large a 
drag and too steep an angle. The tail with 0.3L length has a good angle but is too slender to 
accept the mechanical equipment. The only practical solutions that fit all of the criteria and 
assumptions are those with a tail length of 0.2L. Applying the span limitation criteria, and using a 
similar optimisation process as for the propeller diameter in Chapter 4 will give rise to a single 
solution for the fin aspect ratio and chord. For a fixed span of 1.6m (1.2 x D) a series of aspect 
ratios were chosen and their corresponding chords calculated. These were then plotted on Fig. 5.2 
to give a line that crosses the 0.5L boundary line at a chord of 0.336m and an aspect ratio of 4.76. 
Table 5.1 shows all of the characteristics for this calculation using the Kaminsky UFSS data for 
the body and the Abbott and von Doenhofif (1959) /  Seckel (1964) data for the fins.
-dC^ /dC^ /L from nose Fin Drag /N (4 fins)
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Fig. 5.1 - Stick fixed static stability calculations for Xg =0.1
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-dCj^ /dC^ /L  from nose Fin Drag /N  (4 fins)
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Fig. 5.2 - Stick fixed static stability calculations for Xa=0.2
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Fig. 5.3 - Stick fixed static stability calculations for Xa=0.3
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Fig 5.4 - Drag coefficient breakdown into body and fin contributions for various aftend lengths
Table 5.1 - Stick fixed static stability calculations.
Characteristic Kaminsky (1976) 
Data
Aspect Ratio 4.76
Chord (m) 0.336
A(m^) 1.396
h(L) -1.0 (K)
a (/rad.). 0.464 (K)
ai (/rad.) 4.424 (A)
Sf(m2) 0.537
lf(L) 0.912
Neutral Point (L) 0.503
Note - K - Kaminsky (1976) data, A - Abbott and von Doenhoff (1959) / Seckel (1964) data.
5.4 STICK FREE STATIC STABILITY
In order to calculate the stick free static stability margin the values of â2, b^  and b£ are 
needed. The data sheets produced by ESDU provide a comprehensive source of collated empirical 
data for the calculation of all of these characteristics. The following section will outline the 
procedures undertaken and the relevant data sheets employed in the estimation of the control 
surface characteristics. It should be noted that several flap sizes and flap geometries were
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investigated but only the final selection will be presented here. A schematic of the geometry can 
be seen in Fig. 5.5 with all of the dimensions needed to complete the following analysis.
The steps taken in calculating the control surface characteristics using the ESDU data sheets are -
(i) Using W.01.01.05 to calculate the 2D lift curve slope (aj)
(ii) Using C.01.01.03 to calculate the 2D flap effectiveness (a2 )
(iii) Using C.04.01.01 to calculate the 2D hinge moment / incidence slope (bi)
(iv) Using C.04.01.02 to calculate the hinge moment / flap angle slope (b2 )
(v) Using Eqn. 5.1 to calculate the 3D lift curve slope (aj)
(vi) Using 74011 to calculate the full span effects on the flap effectiveness (a2 )
(vii) Using C.01.01.04 to calculate the effect of the flap gap on the flap effectiveness (a2 )
(viii) Using C.04.01.03 to calculate the effect of the flap nose shape on both of the hinge moment 
characteristics (bj and b2 )
(ix) Multiplying the results of (vi) to (viii) by a factor of 0.65 to take into account the part span 
flaps.
336
100
520
800
Tail Cone
Tan ^a/2 = 0.0707 
Tan'^ b/2 = 0.0583
Gap 1mm max.
Section A-A
Nose Rad. 8.4mm
Fig. 5.5 - Schematic of the flap dimensions and data required for the ESDU calculations
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Table 5.2 - Stick free and fixed static stability calculations.
Characteristic Kaminsky/ESDU Data
Aspect Ratio 4.76
Chord (m) 0.336
A(m^) 1.396
h(L) -1.0 (K)
a (/rad.) 0.464 (K)
ai (/rad.) 3.93 (E)
Sf(m2) 0.537
If(L) 0.912
Neutral Point (Fixed) (L) 0.463
(/rad.) 1.518(E)
hi (/rad.) -1.07(E)
b? (/rad.) -0.374 (E)
Neutral Point (Free) (L) 0.302
Note - K - Kaminsky (1976) data, E - ESDU data.
Table 5.2 shows the results of the ESDU calculations and then applying them to Eqn. 
A4.25 along with the geometry shown in Fig. 5.5 and also incorporating the Kaminsky UFSS 
data. It can be seen that theoretically the body is less stable in the 'free' state as opposed to the 
'fixed' state but the static margin still shows a position well inside of the body envelope at about 
30%L from the nose.
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MECHANICAL DESIGN OF THE 
WIND TUNNEL MODEL
6.1 INTRODUCTION
A series of tests were planned to investigate the hydrodynamic performance of the 
geometry calculated in Chapters 3 to 5. Before the detailed design of the wind tunnel model could 
begin several fundamental decisions had to be made. The first being, 'in what medium will the 
tests take place, water or air?'. One of the most important test to be conducted will be to try to 
visualise where the flow over the body changes from laminar to turbulent. In water this test would 
be very difficult, for that reason air was chosen. Once the medium was selected the actual facility 
needs to be identified. To assist in this decision, the Reynolds number of the body and the advance 
ratio of the propeller at various scales in air, were compared to the full scale vehicle in water. By 
running the test at the same Reynolds number and advance ratio as in the full scale water bom 
vehicle dynamic similarity would be maintained. Table 6.1 shows the result of this comparison.
Table 6.1 - Comparison of the full scale vehicle and various model non dimensional parameters.
Scale FULL FULL 0.5 0.25
Test Medium WATER AIR AIR AIR
Volume (m )^ 4.4 4.4 0.551 0.068
Length (m) 6.0 6.0 3.0 1.5
Propeller Diameter (m) 0.386 0.386 0.193 0.0965
Fluid Density (kg/m^) 1071 1.225 1.225 1.225
Fluid Kinematic Viscosity (m /^s) 1.637x10-6 1.461x10-5 1.461x10-5 1.461x10-5
Velocity (m/s) 2.5 22.3 44.6 89.2
Reynolds Number (volume(^ /^ )) 2.50x106 2.50x106 2.50x106 2.50x106
Advance Ratio 1.36 1.36 1.36 1.36
Propeller Rotational Speed (rpm) 300 2676 10194 40794
Other test parameters also need to be defined, namely, the velocity range required, 
whether the model is to be pitched, and what forces and moments are to be measured. These 
parameters define the size of tunnel working section and the type of balance to be used. In the 
design of automobiles and aircraft it is uncommon to mn wind tunnel test at the correct Reynolds 
number as the speed and size of these vehicles are both large. Referring to Table 6.1, it was 
deduced that these tests would be possible in a small number of wind tunnels. The proposed tests 
will require the wind tunnel to run at twice the design Reynolds Number, have the facility to 
change the incidence remotely and to measure the lift, drag and pitching moments on the model. 
Several tunnels in the UK are able to accommodate a half scale model e.g. The University of 
Southampton, Imperial College, Cranfield College, but only one fulfifted the speed range criteria 
as well as the size limitation, that being the No.2 Low Speed Tunnel at DRA Famborough.
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Further details of this tunnel will be presented in Chapter 7. Other transonic and pressurised wind 
tunnels are available in the U.K. which will satisfy the air speed requirement for a quarter scale 
test but they do not have the facilities for the propeller motor. Also finding a motor with the 
required torque and rotational speed for the quarter scale test was not possible in the budget 
available. Therefore a half scale model was chosen.
2^00
SeCTlOU A-A
Fig. 6.1 - The forebody dimensions and GFRP thickness variation
6.2 DEFINITION OF THE OVERALL DESIGN CRITERIA
The criteria to which the model will be designed are defined fi’om two stand points, firstly 
fi*om the type of tests to be conducted and secondly by the wind tunnel specifications. The 
proposed tests include the measurement of the model lift and drag forces and the pitching moment 
for three model configurations at a range of tunnel speeds fi*om 10 m/s to 90 m/s and at a series of 
incidence angles between ±10°. The three model configurations proposed consist of the body 
alone (no fins) with an untripped and a tripped boundary layer and with the fins attached only with 
an untripped boundaiy layer. Other individual tests to locate the position of transition on the body 
and to measure the velocity profile of the boundary layer at the propeller plane were also planned. ' 
Tests were also planned to measure the thrust and torque produced by the propeller both on and 
off the main model. As regards the particular tunnel to be used, the moimting system consists of a 
main mounting strut and a motorised vertical tail strut connected to an under floor 6 axis balance. 
A screw arrangement connected to the tail strut allows the model to be pitched causing a change 
in the angle of incidence. The exact details of the balance can be found in Chapter 7. Five main 
design criteria can now be specified, to which the final design solution will aim to comply.
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1) In order to maintain as much of the forward part of the model free of protuberances the main 
strut must be connected as far aft as possible. The location will preferably be aft of the predicted 
transition position at 67%L.
2) As the predicted aerodynamic forces and moments on the model are relatively small compared 
with the wind ojff, static forces the centre of gravity of the whole model should be as close to the 
pivot position as possible.
3) With the maximum test wind speed being 90m/s and the maximum incidence at 45m/s being ± 
10° all of the interfaces between the model and the tunnel fixing must be manufactured to as tight 
a tolerance as possible. This will ensure the minimum of mechanical noise in the system which 
may adversely affect the final test results.
4) With the time for the tests being limited (up to 50 tests were planned in the space of 7 working 
days) the different parts of the model must be easily interchangeable for the different 
configurations.
5) For the propeller tests the propeller thrust will be measured using the under floor balance but 
the torque must be measured jftom the reaction on the motor. Therefore the motor must be 
isolated fi*om the rest of the model except for a linkage through a load/torque measuring device. 
The whole propeller/motor system must also be very well balanced as it is to run up to a 
maximum speed of 18000 rpm with out vibration or failure in any single part. Being able to run up 
to 18000 rpm allows measurements of the propeller characteristics down to an advance ratio of 
below 0.8.
6.3 THE GENERAL SOLUTION
It should be noted that once the general solution was finalised several more detailed design 
iterations were required before the final designs were submitted for manufacture. As apphcable, 
the design tools used in the preparation of the manufacture details will be discussed. The detailed 
design modifications to the general design solution included variations in some geometric and 
material properties to fully comply with the criteria presented in Section 6.2. Other alterations 
were required to be able to economically produce the model within budget and using the 
workshops at the University of Surrey.
In order to satisfy criteria 1) and 2) above, the forward 80% of the model was 
manufactured from a thin light weight shell and the aft section from a much denser solid material. 
The solid aft section would act as a counter weight to the long forward section, balancing the 
model about the pivot point. The joint at the 80%L position is at a natural inflection point aiding 
in the alignment of the two surfaces.
In order to change the model configuration quickly, from using fins to having the hull 
only, the fins were manufactured as a separate item. Each fin was made separately and bonded 
onto a thin walled cylinder to allow for the passage of a transmission shaft down the centre. This 
allows the propeller to be powered from an internal power source within the model. To reduce the 
amount of mechanical movement between the wind tunnel strut mounts and the model, all 
interface fixings were custom made to provide sliding fits between the connecting parts. Also all 
of the final fitting and finishing of parts were carried out by hand to ensure a good quality fit 
between model parts mechanically and therefore hydrodynamically. A single load path was built
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into a mounting system that linked the forward shell, the aft section, the fin assembly and the 
tunnel mounting system. This took the shape of an internal fi-ame mounted inside the forward shell 
to which all parts of the model were attached, the frame being secured on the tunnel main strut.
P A f ir  No. ,
ITEM
Fig. 6.2 - The internal frame
Within the aft section a cavity was provided for the propeller motor. The motor was 
mounted on two bearings which in turn were mounted in a cage that was attached to the aft 
section's forward face. The motor was connected to the cage via a load cell and torque arm 
allowing the direct measurement of the propeller reaction torque on the motor. To reduce 
vibration in the connection between the propeller and the motor a flexible couple was used to join 
the motor to a transmission shaft. This couple allowed for any miss-alignment in both the radial 
position and the angle between the shaft and the motor rotational axis. The transmission shaft was 
restrained firom moving in the axial and radial sense by mounting it on two angular contact 
bearings. The bearings were preloaded in tension using two lock nuts just forward of the propeller 
thus keeping the transmission shaft from moving forward or aft. Finally the transmission shaft, 
propeller, propeller location keys, propeller boss and lock nuts were dynamically balanced as an 
assembly by Dowding Mills Ltd, Southampton, UK to reduce dynamic vibration of the system. 
The inevitable out of balance propeller system was corrected by removing some of the material in 
the propeller boss. The propeller was located on two keys that were 180° apart to maintain 
symmetry and therefore balance.
In order to measure the velocities of the flow inside the boundaiy layer at the propeller 
plane a pitot/static rake was chosen. The rake protrudes forward so that the front plane of the
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pitot tubes and the static holes in the static probes are in the plane of the propeller (the propeller 
having been removed). The mounting system for the rake has a set of index point to allovy for 
accurate and easy alignment in the radial sense.
M'O"
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Fig. 6.3 - A sectional view of the attend
6.4 THE DETAILED DESIGN
6.4.1 The Fore Body
The forebody extends from the nose to 80%L, the point of inflection between the mid and 
aft sections, defined in Chapter 3. In order to simulate the most economical full scale production 
method for producing the hydrodynamic outer shell standard glass fibre reinforced plastic (GFRP) 
moulding methods were used. An aluminium, two dimensional template of the outer body profile 
was produced on a CNC milling machine using the same co-ordinates as for the computational 
study. The use of the same program to produce both the input for the CNC milling machine and 
the "Myring" flow calculation code ensured conformity of shape between the experimental and 
theoretical portions of this study. Moorland Patterns, Croydon, UK used the template to produce
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a hand turned box wood replica of the vehicle forebody shape. This was transported to Figlass, 
Edenbridge, UK who produced a GFRP three part female mould. The three parts being a nose 
section forward of 40%L and two half aft sections split down the dorsal line. Inside these moulds 
the actual GFRP forebody was laid up. The finished forebody can be seen in Plate la. This section 
had a gel coat outer finish giving it an optic^ly shiny surface and the GFRP thickness was graded 
in 1mm steps fi*om 3mm at the nose to 6mm at the 80%L position. Inside the shell were two 
wooden rings that were integrally bonded into the shell. These rings were positioned at the 70%L 
position and at the back face of the section (80%L). The rings were 20mm thick and had ten 
tubular metal inserts bonded into them to accept the internal frame. The dimensions of the 
forebody can be seen in Fig. 6.1.
6.4.2 The Internal Frame
The internal frame is a fabricated steel structure that attaches directly to the forward ring 
inside the forebody and also sandwiches the rear ring in the forebody between itself and the 
aftend. The frame also has an attachment to the wind tunnel main mounting strut. Fig. 6.2 shows a 
side elevation and an isometric view of the frame. This frame acts as the main structural member 
of the model transmitting all of the model's mass and aerodynamic forces through to the wind 
tunnel balance via the main strut. The majority of the frame is machined from 5mm thick steel 
plate with a thick walled square section steel tube connecting the two end "wheels'. The mounting 
system underneath the main frame beam is manufactured to give a slide fit with the mounting 
points on the main strut. The pin that joins the model to the mounting strut via the two lugs was 
made from silver steel to achieve roundness and a sliding fit through the four mounting lugs. Also, 
silver steel is harder than mild steel and so it will not wear under the repeated movement of the 
model as it is pitched.
6.4.3 The Aftend
The aftend completes the body shape extending from the 80%L position to the propeller 
plane (96%L). This was machined from a single billet of steel, first roughly on a manual lathe and 
then on a copy lathe. The template for the copy lathe was made in a similar manner to the one for 
the forebody except that it was fabricated from 5mm steel as requested by Frazer Nash Ltd., 
Midhurst, UK who undertook the majority of the manufacture of this section. A series of cavities 
were also machined into the aftend to accommodate the motor and torque cage, the transmission 
shaft and two press fit cavities for the two angular contact bearings. Finally four slots were 
machined to accept the fins and the fixing bolt holes were drilled into the forward face in order to 
secure the aftend to the internal frame. This cutting operation can be seen in Plate 2c. The whole 
piece was then externally spray painted and polished to a black matt finish. Fig. 6.2 shows the 
dimensions of the aftend in a cross sectional view through its axis of symmetry.
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Fig. 6.4 - The fin and flap assembly showing the flap mechanism
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6.4.4 The Fins
The four fins and the central mounting hub were made fi'om mild steel. The aerofoil 
sections were machined into billets of steel on a CNC milling machine one side at a time. The co­
ordinates of the section were taken directly fi’om Abbott and von Doenhoff (1956) and then fitted 
with a series of cubic splines to produce a larger number of co-ordinates. At the base of each fin 
was a rectangular section which was to connect with the mounting hub and give a positive sliding 
surface for the location of the fins with the aftend. At the outboard ends of the fins the NACA 66- 
006 section was revolved about its line of symmetry to give a semi-circular end to the fins. The 
central hub was made from a thick-walled steel tube which had four rectangular recesses 
machined into it. The recesses were 2mm deep and were 0.2mm wider than the fin bases to allow 
for an adhesive joint. The fins were bonded to the hub using a two part cold curing epoxy 
adhesive. A replica was made of one of the fin/hub junctions from two pieces of plate steel, these 
were tested in a tensile testing machine. The force needed to fail the joint was 8KN and the mode 
of failure was that of peeling of the adhesive from the surfaces rather than inter-adhesive failure. 
The junction surfaces were all prepared in an ultrasonic bath of Inhibisol to remove any grease or 
contamination that would weaken the joints. The whole fin assembly was glued together whilst in 
position in the aftend, which was sprayed with a coat of PTFE near the adhesive joints to avoid 
the permanent fixture of the fins to the aftend. The fins were then finished in black matt paint. The 
whole fin assembly can be seen in Plate 2b. The fins were held axially in place in the aftend by a 
nut which mated to a thread inside the transmission tunnel. A custom made bolt and lugs were 
added to the base of the lower fin to fit the tail strut attached to the wind tunnel balance.
After the first set of wind tunnel tests (see Chapter 8) the plane fins were altered to accept 
the flap mechanisms. The main operation was to remove the ends of the horizontal fins and cut a 
flap section from the remains of those fins. The removed section had semi-circular section steel 
bar fitted to its front face and hinge points machined into it's ends. The fins had a semi-circular 
recess machined into the trailing edges in the cut-out section with a ball nosed cutter to provide a 
pocket for the flap to sit in. One of the flap was to be used at a fixed angle and so a sheet steel 
segment was fixed to the inboard end which was indexed, with a set of holes, to an arm on the 
corresponding fin. The other flap was connected to a load cell inside the model in order to 
measure the hinge moment of the flap. A sheet steel arm was fitted to the inboard end of the flap, 
this connected to a rod with a turn buckle so the rod length could be altered. This rod was 
connected to the load cell which was attached to the internal frame. The rod passed through one 
of the fixing bolt holes in the aftend/forebody therefore making it unnecessary for the model to be 
dismantled in order to fix the flap mechanism. The arm has a long slot and the connecting rod can 
be altered in length so that the flap can be positioned at various angles and the rod kept horizontal 
ensuring no bending moments are placed on the load cell. The final fin/flap assembly can be seen 
in Fig. 6.4.
6.4.5 The Propeller
From the geometry used in the propeller characteristic calculations the code for the 
control of the CNC milling ihachine was produced. The propeller was made from a single billet of 
6082 T6 treated aluminium alloy. The front faces of the blades and the upper half of the hub were 
machined first, the piece was then turned over and the .other side cut. There were some regions 
around the base of each blade that were not accessible to the CNC machine so these were finished 
by hand. The propeller was polished to remove the cutter marks, painted and polished again. The 
propeller and a single blade test piece can be seen in Plate Ic.
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6.4.6 The Torque Cage and Motor Transmission
Two brass rings were heated and shrunk onto the motor casing to give two machinable 
surfaces on the motor. The motor was loaned by DRA Famborough and was a water cooled 
Sawyer three phase a.c. motor with a power of 3HP and a maximum running speed of 18000 
r.p.m.. The brass rings were turned to form seats for two bearings. The bearings were then 
secured in a cage made from steel plate and bar. The cage comprised two circular rings joined by 
four long bars, the rings being machined to fit into the cavity in the aftend and to be fixed to the 
rear face. The bars had notches cut into them to position the bearings axially and also a fixing 
point for a load cell. Around the centre of the motor was a steel band which had an arm 
protruding from it which connected the motor to the load cell. The motor and torque cage can be 
seen in Fig. 6.5. Placing the motor on the bearings allowed the motor to rotate freely, restrained 
only by the load cell. The load cell therefore measured the motor torque.
Fig. 6.5 - The torque cage and motor
A silver steel transmission shaft was connected' to the motor via a light weight flexible 
couple which accounted for any slight misalignments between the shaft and the motor axes of 
rotation. The transmission shaft sat between two angular contact bearings which were retrained in 
cavities in the aftend. At the forward end of the transmission shaft was a collar which was in
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contact with the forward bearing. The aft bearing was held in contact with the shaft with two 
locking nuts thus the shaft was both fi*ee to rotate and rigidly fixed axially along the models 
centreline. Also machined into the shaft were two key-ways at 180° which kept the propeller in 
position. The propeller also was fixed in place by a screw on boss and a step in the transmission 
shaft. A sectional view of the assembled aftend, torque cage, motor, and transmission can be seen 
in Fig. 6.6 (note that the propeller in this figure has been replaced by a fixing point that interfaces 
with the aft tail strut).
A modification to the torque cage was made so that the propeller could be tested on its 
own in open conditions. A new forward ring was made which included a lug fixing for the main 
tunnel strut. Arms were then fixed to the aft ring and these held a cylinder which housed a shorter 
shaft and two bearings, A fabricated tail was produced fi'om chip board which was turned and 
finished with filler and paint. A cowling was made from a piece of plastic piping for the centre 
section and a forward cowling was manufactured from a turned shell of P38 epoxy filler. All of 
these pieces fitted together with mortise joints. The propeller was then mounted in the reverse 
direction so that the new body was aft and a lightweight aluminium boss was screwed into place. 
The modified propeller test rig can be seen in Fig. 6.7 again in sectional view.
6.4.7 The Wake Rake
The wake rake was designed to determine the velocity of the flow inside the boundary 
layer at the propeller plane. Experimental data from Chue (1975) and Pankhurst (1965) was used 
to design a series of pitot tubes and a static tubes that would be relatively insensitive to the angle 
of attack of the oncoming flow. The design used for the pitot tubes has a measurement range 
within ±11° for the Reynolds number of the tests. The static tubes were designed with a 
hemispherical nose and four static holes at 90°. The position of the static holes with respect to the 
nose and the stem positions and the size of the holes were again chosen to give accurate results 
that were relatively insensitive to the angle of attack of the oncoming flow. In yaw a better than 
1% error was theoretically possible for between ±5°due to the nose shape and an error of better 
than ±0.5% was possible due to the size and positioning of the static holes. The accuracies and 
ranges of use for the pitot and static tubes were arrived at by comparing the tube geometries and 
operating conditions with the results in Chue (1975). The rake was mounted on an indexing boss 
which was attached to the transmission shaft. By fixing the rake to different sets of holes in the 
indexing boss the rake could be positioned at eveiy 22.5°. Fig. 6.8 gives dimensions for the rake 
and Plate lb shows the manufactured wake rake with its fixing boss attached.
6.5 ASSESSMENT OF THE OVERALL DESIGN
All of the above parts were designed with the aid of the Computervision Medusa 
computer aided design system. This was used to produce solid models of all the parts and from 
these solid model manufacturing drawings and details were produced. The system allowed the 
volume and centre of mass for the parts, sub assemblies and the whole assembly to be calculated. 
This was used to calculate the position for the main fixing lug on the internal frame. Table 6.2 
shows the calculated masses and centres of mass for the model compared to experimental 
measurements. The experimental procedure entailed weighing various sub-assemblies and finding 
their centre of gravity by placing the model in the carrying frame and placing that on a piece of 
angle iron to find the balance point.
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Fig. 6.6 - The aftend assembly with the motor, torque cage, transmission and fins (sectioned)
Table 6.2 - The comparison of the Medusa calculated and the measured masses and centres of gravity for
the model
MEDUSA EXPERIMENTAL
Mass /kg C ofG Mass /Kg C ofG
Forebody + Frame 57.59 1677 42.18 1570
Forebody + Frame + Aftend 
+ Motor etc.
145.59 2175 124.73 2252
Forebody + Frame + Aftend 
+ Motor etc. + fins
161.80 2234 136.73 2297
Note - C of G measured in mm from the nose of the model
The difference between the two sets of results can be attributed to the way in which some 
of the Medusa models were created and also the choice of densities for some for the materials in 
the properties calculations. Parts such as the bearings and the motor were modelled as solid 
blocks and so would probably be heavier than their real counterparts. Also the density of the 
GFRP was not known so an estimate of 2200kg/m  ^ was made along with a value for steel of 
SOOOkg/m^ . But it can clearly be seen that the main objectives of keeping the mounting point as 
far aft as possible and reducing the wind off moments to a minimum has been possible. The 
support position being at 75%L, well aft of transition. A rear three quarters view of the model 
with the aft section, fins and propeller attached can be seen in Plate 2a and a plot of the model 
showing the final mounting positions can be seen in Fig. ‘6.9.
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Fig. 6.7 - The aft body propeller test rig
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Fig. 6.8 - The dimensions of the wake rake
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Fig. 6.9 - The fully assembled model showing the positions of the mounting struts
Note - A summary of this chapter can be found in Huggins et al (1994b).
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APPARATUS AND TEST 
PROCEDURE
7.1 INTRODUCTION
This chapter will describe and explain the test apparatus used (other than the equipment 
already presented) and the calculations used to arrive at the experimental results in the following 
chapters. The major issues investigated will be the environment in which the model was tested, the 
various configurations of the model and the method by which the experimental raw data was 
reduced to give meaningfijl and useful model hydrodynamic characteristics, including the 
corrections applied and assumptions made.
7.2 DESCRIPTION OF THE WIND TUNNEL AND ANCILLARY EQUIPMENT
The wind tunnel chosen for the test was the No.2 low speed tunnel at DRA Famborough, 
Famborough, Hants. UK. A general layout of the tunnel can be seen in Fig. 7.1.. Tests were 
carried out in order to establish the drag, lift and pitching moment characteristics for the model, 
to determine the position of transition and to measure the velocity profile of the flow in the 
boundary layer at the propeller position.
The tunnel is of a mainly concrete construction with the working section being made fi'om 
wood and is of a closed loop design. The working section has the dimensions of 8.5fl high, 11.5ft 
wide and 20fl; long and is of a rectangular cross section with comer fillets which gradually 
decrease in size along the working section in the wind direction therefore slightly increasing the 
cross sectional area downstream of the contraction.
The use of a large 'egg box' type flow straighteners in the retum leg of the tunnel and 
meshes, screens and honeycomb straighteners upstream of the contraction together with a very 
powerful motor (4000HP) results in a tunnel which has a high maximum speed and a relatively 
low fi’ee stream turbulence intensity.
Fig. 7.2 illustrates this point by showing that the turbulence intensity barely rises above 
0.1% at any speed up to a maximum of 80m/s and is substantially lower than that at the main 
model test speed of 45m/s which is equivalent to the full scale vehicle design Reynolds number. 
These measurements of the free stream were carried out by Dr. A.R.Packwood in Feb. 1990 using 
a single hot-wire probe mounted on a sting projecting forward of the main stmt on the tunnel 
centreline.
The wind tunnel was built 50 years ago, with the majority of the tunnel being constmcted 
fi'om concrete. Due to the tunnel's age and the concrete constmction small particles of debris 
accumulate in the retum leg of the tunnel. This debris is cleared from the airstream at the start of 
every day by mnning the tunnel up to full speed and then leaving it to idle at half speed for several 
minutes. The dust and concrete particles are caught by meshes across the tunnel and so can be
-7.1 -
Chapter 7 Apparatus and Test Procedure
removed at a later date. The tunnel air stream temperature is kept to a maximum of 30°C by 
pumping cold brine through the turning vanes in the wind tunnel comers therefore removing a 
substantial amount of the heat generated in the tunnel and so maintaining a near constant air 
temperature.
Egg Box Straighteners
Fan
6 blades 17ft diam.
W IN D  I
DIRECTION
X .
51ft
Working Section 
W11.5ft x H 8 .5 ftx L 2 0 ft Honeycomb and screens
Fig. 7.1 - A general layout of the No.2 low speed wind tunnel at DRA Famborough.
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Fig. 7.2 - Turbulence intensity variation with wind tunnel free stream velocity for the DRA Famborough No.2 
low speed tunnel (8.5' x 11.5')__________________________________________________________
The force and moment measurements were made using the six axis balance designed for 
use with this wind tunnel and is located in a room underneath the working section. The balance is
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of a suspended air bearing design, details of the generic design of this type of balance can be seen 
in Pankhurst (1965). The balance was so arranged as to have the most sensitive axis in the drag 
direction, this will be expanded upon later in this chapter. The model was mounted on a main strut 
constructed from 2.5 inch (63mm) nominal outside diameter thick-waUed tapering tube with a two 
prong lug fixing at the model end and rigidly attached to the balance top force plate at the other. 
The incidence strut, constructed from a steel rod with a wooden streamline faring, was connected 
to the rear of the model, either on the tail section or onto the bottom of the fins depending on the 
model configuration. The other end was connected to the balance via a motorised lead screw so 
that the incidence could be altered remotely without the need to shut down the tunnel. All of the 
measurements and the incidence changes were made fi'om a remote position outside of the 
working section within view of the model.
The balance was cahbrated directly by applying a series of masses to the balance force 
plate which gave a relationship between the balance output and the applied loads and moments, 
the balance output being an electrical signal fi'om the load cells attached to the balance that was 
read in 'counts' on the control console. The zero position of the load cell indicators could be 
altered manually allowing the operator to reset all of the indicators before a run and then check 
for any drift in the values at the end.
7.3 MODEL CONFIGURATION AND THE TEST PROCEDURE
The model was mounted in the tunnel in three sections. Firstly the fibreglass body with the 
internal frame in place was hfred into position onto the main strut and the retaining pin was 
secured between the interlocking lugs on the frame and the strut. The nose of the model was then 
supported whilst the steel tail section was hoisted into position at the rear of the model. Once in 
place, the ten connecting bolts were screwed through the tail section and the main body rear ring 
and into the steel frame, at this point the bolts were not tightened fully as the tail needed a little 
manhandling until the outer diameters of the tail and body sections coincided, the bolts were then 
tightened fully. The fin assembly or fin blanks, and the tail end section were fitted into the slots in 
the tail section and onto the transmission rod respectively. Finally all of the junction points and 
bolt recesses were made good with plasticine. Fig. 7.3 shows a simplified sectional side view of 
the model mounted in the tunnel, with the fins attached, and includes some of the major 
dimensions.
In order to verify the findings of the computational element of this study two main 
measurements were made, namely the measurement of the drag of the model over a range of 
Reynolds numbers and an investigation into the position of the transition from laminar to turbulent 
flow over the model. In addition to these experiments other tests were carried out to ascertain the 
position of the neutral point of the vehicle and the velocity profile across the boundary layer in the 
proposed plane of the propeller at 96%L.
The results for these experiments would serve two purposes, firstly to verify and validate 
some of the assumptions made during the computational work and also to provide new, reliable, 
experimental data to be used in the computations for a second full iteration of the design process. 
For this purpose three main model configurations were required, two without the fins attached 
and one with the fins attached, the former cases being with both fixed and free/natural transition 
of the boundary layer. Additional tests employing just the support struts without the model were 
carried out. These configurations can be seen in Fig. 7.4. Each of the different configurations 
were tested in two distinct ways
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Fig. 7.3 - Simplified sectional view of the model with general dimensions
a) with the axis of the model along the wind axis (0° incidence) the forces and the moments on the 
model were measured for a range of tunnel speeds and
b) with the wind tunnel speed set to the design speed (nominally 44m/s) the forces and moments 
on the body were measured for a range of incidences between +5° and -15° in 1° steps.
As has already been noted two further experiments were required to locate the position of 
transition and to determine the boundary layer profile. In order to locate the position of the 
transition fi'om laminar to turbulent flow over the body, which is in essence the reason for this 
whole project, china clay flow visualisation was used. This technique was chosen over other 
methods as the small scale of the applied china clay particle has no tendency to trip the boundary 
layer at the test Reynolds numbers and also the technique can be run several times in quick 
succession with only the activating solution being re-applied. The full procedure for using china 
clay flow visualisation is as follows -
(1) The model is cleaned and sprayed with an even coat of a suspension of china clay in a fixative 
(i.e. fiigilene or paraffin) and left to dry, the surface should turn a white colour when dry. Any 
slight drips in the coating can be removed when dry with very fine glass paper.
(2) The surface of the model is then sprayed liberally with an activating agent (i.e. oil of 
wintergreen) until the surface returns to its original colour making sure not too much activator is 
applied causing large runs that may trip transition.
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(3) The tunnel is then immediately turned on and within a few minutes (depending on tunnel 
speed) the activator will evaporate from the turbulent high energy region and so the surface will 
again turn white, whilst leaving the low energy laminar region still wet.
Test 1 - body and struts with natural transition, fins off Test 4 - struts alone fins on
Test 2 - body and struts with natural transition, fins on Test 5 - struts alone, fins off
Test 3 - body and struts with the trip, fins off
Fig. 7.4 Model configuration required for the wind tunnel test
Finally to measure the velocity profile across the boundary layer in the plane of the 
propeller a wake rake was attached rigidly to the rear of the model with the pitot and static probes 
protruding forward in the desired axial position. The rake was made up of 15 tubes, 2 measuring 
static pressure and the rest measuring the total pressure in the boundary layer, the two static tubes 
were positioned in the rake so as to give measurements in the boundary layer and in the free 
stream. The rake tubes were connected to a multitube manometer which had the mamometric 
fluid reservoir attached to the static pressure probes positioned on the wall of the tunnel at the 
beginning of the working section. Therefore from the measurements made with this set of tubes 
the boundary layer velocity profile can be derived using Bemouille's equation. A summary of the 
model configuration, tunnel settings, and the measurements made for each separate test can be 
seen in Table 7.1.
7.4 WIND TUNNEL CORRECTIONS AND EXPERIMENTAL DATA REDUCTION
In order to equate the flow over the model in the wind tunnel to the flow over the real 
vehicle a series of corrections need to be applied to the measured quantities. These corrections are
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concerned with the effect that the physical boundaries in the tunnel i.e. the walls, ceiling and floor, 
have on the model results. The imposition a zero normal flow condition at the boundaries of the 
tunnel cause the streamlines in the flow to be of a different shape in the tunnel flow to the real 
flow which gives different velocity characteristics within the flow in the tunnel therefore affecting 
the validity of the test results when applied to the unconstrained case.
Table 7.1 - Model configuration and the test carried out
TEST SPEED m/s ANGLE ° MODEL MEASUREMENTS TRANSITION
TESTT 35,45,55 0 body At. Press., At. Temp., Transition Position natural
TEST IV 10-90 0 body At. Press., At. Temp., Lift, Drag, 
P.Moment
natural
TEST 2V 10-90 0 body At. Press., At. Temp., Lift, Drag, 
P.Moment
tripped
TEST3V 10-90 0 body + fins At. Press., At. Temp., Lift, Drag, 
P.Moment
natural
TEST 11 45 +5 to -15 body At. Press., At. Temp., Lift, Drag, 
P.Moment
natural
TEST 21 45 +5 to -15 body At. Press., At. Temp., Lift, Drag, 
P.Moment
tripped
TEST 31 45 +5 to -15 body + fins At. Press., At. Temp., Lift, Drag, 
P.Moment
natural
TEST4V 10-90 0 struts At. Press., At. Temp., Lift, Drag, 
P.Moment
not applicable
TEST 41 45 +5 to -15 struts At. Press., At. Temp., Lift, Drag, 
P.Moment
not applicable
TEST 5V 10-90 0 struts At. Press., At. Temp., Lift, Drag, 
P.Moment
not applicable
TEST5I 45 +5 to -15 struts At. Press., At. Temp., Lift, Drag, 
P.Moment
not applicable
TEST IS 0 +5 to -15 body P. Moment only natural
TEST 2S 0 +5 to -15 body P. Moment only tripped
TEST3S 0 +5 to -15 body + fins P. Moment only natural
TESTW 45 0 body + fins Wake Rake Press., At. Press., At. Temp. natural
Another correction to be taken into account is the effective decrease in cross sectional 
area of the tunnel as the boundary layer develops on the wind tunnel walls. In this case this effect 
can be ignored as the tunnel has been designed with fillets in the comers of the working section 
that decrease in size down-stream therefore enlarging the physical size of the working section 
which counteracts the growth of the boundary layer. The overall effect of this is to maintain a 
constant static pressure along the working section which removes the need to make corrections 
due to the pressure variations along the working section also known as the "buoyancy” 
correction.
From Young and Squire (1945) the correction to the fi*ee stream velocity, comparing the 
tme (real) flow velocity to the wind tunnel velocity at the inlet to the working section, is stated as 
having the form-
TT = TTtrue tunnel 1+ zA L (7.1)
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0.11
where t =  ~  —^ — (7.2)
and A = 2.4 (7.3)
thus giving for this tunnel and this model = 1- 0163F^ „„^  ^ (7.4)
Eqns. 7.1 - 7.3 have been derived to remove the effect that the wind tunnel walls, floor 
and ceiling have on the flow over the model. In order to calculate the effective change in the 
streamlines of the flow over the body in a wind tunnel as opposed to the fl-ee air case, the body is 
mathematically represented by a singularity source distribution. Around this representation a 
series of identical bodies are placed in mirror image reflections fi'om the walls, floor and ceiling. 
This effectively produces a 3 by 3 grid of bodies, displaced by the wind tunnel width and breadth 
when viewed along the direction of the flow. The interaction of this grid of modelled flows can 
then be calculated and mathematically compared to the flow for just a single body therefore 
defining the blockage effect for that particular body shape. A series of different shapes can then be 
investigated and the general corrections deduced as can be seen in Young and Squire (1945).
Taking the true velocity to be 45m/s therefore gives a tunnel running speed of 44.3m/s. 
Conversely running the wind tunnel at the new corrected speed will give the results for the test at 
the nominal 45m/s which is the design speed for the model. In order to calculate the non 
dimensional quantities required from the test e.g. drag and lifl coefficient etc. the true density of 
the air in the tunnel is needed. During each run the atmospheric pressure in the control room and 
the temperature of the air in the tunnel were recorded and using the perfect gas law the true 
density of the free stream could be calculated for each test.
The balance used for the test measurements is directly calibrated by adding masses and 
moments to the balance and equating these applied loads and moments to the load cell outputs. 
The accuracy of the balance is therefore only a factor of the operator and how accurately the 
control panel gauges can be read. The read out error was taken as being ±1 count for each 
reading, independent of both tunnel speed and model incidence therefore fi’om the calibration 
factors of the balance the accuracy in -
Drag AD = ± -^ /Z >  x 4.448Y//6 = ±0.0887# (7.5)
^ 50.13
Lift A I = ± - ^ / Z ,  X 4 .448#//6  = ±0.4452# (7.6)
9.992
Pitching Moment AM = 4.448# / lb x 0.3048/w/ f t  = ±0.0460#/w (7.7)
Note : The balance load cell output was linear across the whole range of loads and moments to be 
encountered in these tests.
To take into account any drift in the zero position of the readings during a single run, 
which could be caused by either temperature effects on the load cells of the balance or due to
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mechanical friction in the model or balance, the meters displaying the Lift, Drag and Pitching 
Moment were set to zero at the start of each run and readings noted at the end of each run with 
the model in the same position. The difference between the two readings was then linearly 
averaged over the rest of the test results from the first to the last reading and removed. It must 
therefore be noted that if the mechanical friction or slight mismatches in model parts that move 
relative to each other are the cause of this error, this model for removing the error is not well 
suited as the error function for this type of movement is probably a step fimction and occurs at 
any time throughout the run which is undetectable with the apparatus used. This is a very 
idealised way of dealing with such errors but at present it is the only way. It was noted that the 
errors due to drift were not significant in any of the runs, totalling some 24 runs, each with 4 zero 
reading in each, when compared to the magnitude of any of the runtime data recorded all errors 
were less than 0.5%.
The side force acting on the model was monitored at all times to ensure that the model 
was aligned with the wind axis in the yaw direction and a visual check was made at all times on 
the model to ensure that the model was not vibrating excessively and so influencing the data or 
that there was any danger of the model coming off its fixings. In both of these cases it can be 
reported that the levels of both side force and vibration were negligible, the side forces being 
effectively zero at all times and the maximum vibration occurring at the maximum tunnel speed 
(90m/s) and being about ±10mm in any direction at the nose of the model.
In order to reduce the measured data fi’om the tunnel and balance into usable non 
dimensional characteristics for the model alone, the forces and moments on the struts must be 
removed from the scene and in the case of the pitching moment readings the static, wind off 
moments also removed. In the latter case the moments about the pivot position must also be 
translated into moments about the nose of the model for a true comparison with the analytical 
work presented earlier (see Chapters 3-5). Therefore referring to the details of the tests in table 
7.1 the forces and moments on the model alone can be calculated using the following equations -
For the drag variation with Reynolds number -
Body alone, natural transition D IV  = TESTIV - TEST4V (7.8)
Body alone, tripped transition D2V = TEST2V - TEST4V (7.9)
Body + fins, natural transition D3 V  = TEST3V - TEST5V (7.10
For the drag/lift variation with incidence angle -
Body alone, natural transition D /L II = TESTII - TEST4I (7.11)
Body alone, tripped transition D/L2I = TEST2I - TEST4I (7.12)
Body + fins, natural transition D/L3I = TEST3I - TEST5I (7.13)
For the pitching moment (about the pivot point) variation with incidence angle -
Body alone, natural transition M il = TESTII - TEST4I - TESTl S (7.14)
Body alone, tripped transition M2I = TEST2I - TEST4I - TEST2S (7.15)
Body + fins, natural transition M 3I = TEST3I - TEST5I - TEST3S (7.16)
and to translate the pitching moment from the pivot position to the nose of the model -
M^ = M j,+ lfLûna-D cosa)-l2{Lcosa+D sm .a)  (7.17)
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Ij being the pivot to centreline distance (perpendicular to the centre line) and I2  being the pivot to 
nose distance along the centreline, these distances can be taken from Fig. 7.3.
In the case of the rake measurement results, the static probe pressure measurements from 
the probes at radii 15mm and 110mm from the surface of the model were interpolated across the 
rest of the pitot probes to give static pressures over the whole measurement range. The readings 
for probes below 90mm were assigned static pressures that were linearly interpolated from the 
15mm and 110mm static measurements and the probes at positions greater than 90mm were 
assigned static pressures equal to the 110mm static pressure measurement.
The multitube manometer used was filled with water/dye and was inclined at an 
approximate angle of 30° and had the manometric fluid reservoir connected to the static pressure 
probe in the wall of the tunnel which was positioned at the inlet to the working section. Therefore 
the readings directly from the manometer represented -
from the pitot tubes
H -Pq = total pressure in the boundary layer - tunnel inlet static pressure (7.18) 
for the static probes
P - Pq = static pressure in the boundary layer - tunnel inlet static pressure (7.19)
Using the Bernoulli equation, the velocities in the boundary layer of the model at the 
position of the propeller (96%L from the nose) can be calculated directly from the experimental 
readings from the wake rake and is given by the following equation for the water filled manometer 
used which was inclined at an angle of 30° -
« = -  P„) -  {P -  P„)] sin 30" X 249.09 (7.20)
Where (H -P q)  and (P - P q)  are measured in inches of water and 249.09 is the factor for 
converting inches of water to Pascals.
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FIRST TEST SERIES RESULTS
The results from the wind tunnel experiments carried out between the 19th February and 
the 9th March 1992 at the No.2 low speed wind tunnel at DRA Famborough are presented in this 
chapter. A view from inside the contraction of the tunnel can be seen in Plate 4a. This view shows 
the position of the model in the tunnel and the relative sizes of the tunnel and model. The results 
were derived using the corrections and equations presented in the previous Chapter. The accuracy 
to which the results can be quoted , referring to Eqns. 7.8 to 7.16, are all ±2 counts, this being an 
addition of the error estimated for each part of the aforementioned equations. This also apphes to 
the pitching moment calculation because the errors recorded for TESTS 1, 2, and 3S are taken 
into account in TESTS 1, 2, and 31 respectively (for a description of the tests see table 7.1). The 
estimated magnitude of the possible error for each calculation can be seen in table 8.1 in terms of 
the non-dimensional variables.
Table 8.1 - Summary of the errors for each case (based on 2 counts per reading)
Velocity m/s Rev error C^ y error Cjwr» error
10 0.6 X  10" 0.00431
20 1.1x10" 0.00108
30 1.7x10" 0.00048
40 2.3 X  10" 0.00027
44 2.5 X  10" 0.00022 0.00106 0.000034
50 2.9x10" 0.00017
60 3.4x10" 0.00012
70 4.0x10" 0.00009
80 4.6 X  10" 0.00007
90 5.1x10" 0.00005
The first results recorded were from the china clay flow visualisation tests to locate the 
position of transition on the model which had initially been estimated at 67%L from the nose at 
the design Reynolds number. The outcome of one of the runs at a wind tunnel speed of 44m/s 
{R^= 2.5 X 10 )^ can be seen in Plate 3. In Plate 3 the model, mounted in the tunnel on the main 
strut, is viewed from a rear three quarters angle looking into the wind direction toward the nose 
of the model. The junction between the fibreglass section and the steel section at 80%L can be 
seen under the right hand side of the legend along with the plasticine covered bolt holes giving 
some idea of the surface finish of the model. The photograph displays the contrast in colour 
between the white, diy turbulent region and the dark, wet laminar region, the position of 
transition being the interface between the two areas, measured here at 70%L from the nose of the 
model. This measured transition position is slightly further aft than the predicted 67%L suggesting 
a lower drag than expected.
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This test was also repeated at tunnel speeds of 35m/s and 55m/s. At the lower tunnel 
speed the flow visualisation recorded the transition position to be at 71%L with a very definite 
interface between the two types of flow around the model. In the higher tunnel speed case a more 
ragged transition line was seen which had an average position at 55%L with a variability of ± 
5%L. One further observation of interest was made when a large turbulent area was seen 
emanating fi’om a point near the nose and developing into a triangular region along the body. On 
inspection of the model a small particle of grit was found adhered to the oil of wintergreen which 
was prematurely tripping the boundary layer. This took place on the first run of the day at the 
design Reynolds number, giving all the more reason to run the tunnel as described in chapter 7 at 
the beginning of each day.
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Fig 8.1 Variation in the volumetric drag coefficient with changes in the volumetric Reynolds number for 
different model configurations
The model was tested in three configurations, namely with the fins off and the transition 
both tripped and fi*ee (natural) and with the fins attached and the transition fi’ee. In the tripped 
case a 0.35mm thick / 2.5 mm wide strip of aluminium foil was attached in a ring around the 
model at a position 5%L fi’om the nose. In the natural transition cases, both fins on and fins off, 
all of the tests were repeated to check the repeatability of the balance readings and the model 
behaviour. The two sets of tests are distinguished by the legends (a) and (b) in the following 
figures.
The variation of the volumetric drag coefficient with changes in the volumetric Reynolds 
number can be seen in Fig 8.1. It can be seen that the general shape of each of the three cases is as 
expected refering to Fig. 2.2 and 3.9. In the natural transition cases a low drag area is seen in the 
middle of the Reynolds number range with the drag coefiScient tending towards the tripped case at 
high Reynolds numbers, also a generally constant increment due to the addition of the fins is seen 
over the whole Reynolds number range. In the tripped case the drag decreases slightly with 
increases in the Reynolds number as would be expected for a fully turbulent body (Granville 
(1976)). The general shape and the position of the minimum drag coefficient agrees well with the
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findings of Hansen and Hoyt (1984) for the fins off, natural transition case. Although the shape of 
the graphs is good, the magnitude of the drag coefficients are 3.5 times higher than expected for 
the natural transition cases and twice as large in the tripped case. In the tripped case the drag 
coefficient decreases at the low Reynolds numbers, it is possible that this is due to re- 
laminarisation of the boundary layer downstream of the trip. At the higher Reynolds numbers the
incremental increase in the volumetric drag coefficient due to the fins is 0.0016 (Q y= 0.004)
which agrees well with the data for the NACA66-006 aerofoil profile at 0° incidence in Abbott 
and von Doenhoff (1959).
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Fig. 8.2 Variation of the volumetric drag coefficient with changes in the angle of incidence for various model 
configurations. _______
Fig. 8.2 shows the variation of the volumetric drag coefficient as the angle of incidence of 
the model is increased and decreased. Again the magnitude of the drag coefficients in all cases are 
higher than predicted and also the shape of the graphs are as expected. The fins off natural and 
tripped cases are tending to a common figure at the greater incidences (the sign of the incidence 
being irrelevant as the model is symmetrical). The laminar flow on the lower half of the body 
breaks down as the incidence is increasing so causing the overall flow over the body to tend 
towards the fully turbulent case. In all cases the line of symmetry in the graphs that was expected 
at 0° has been shifted to -2°. In the two natural transition cases there is a large region of almost 
constant magnitude low drag (or a drag bucket) spanning the incidence range between +3° and 
-5°.
The volumetric lift coefficient variation with changes in the angle of incidence can be seen 
in Fig. 8.3. Here the line of symmetry that was expected to be at 0° is again shifted to -2° but 
more important is the shift of 0.01 in the zero lift position which should be at 0° incidence. This 
two way shift in the expected origin position is apparent in all of the cases. In the fins off cases the 
lift curve is very non-linear with the lift curve slope being much less in the region around the 
origin when compared to the rest of the plot. With the addition of the fins, the lift curve is more
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linear and the lift curve slope much greater in magnitude as expected due to the addition of the 
extra lift produced by the fins. At all incidences the increment due to the lift of the fins makes up 
over half of the lift of the complete model. One explanation of the shift in the axis of symmetry is 
that the model was mounted at a slightly non zero incidence but this does not explain the high 
drag coefficients encountered and so was rejected as a possible explanation. The values for the lift 
curve slope in the different regions of the graph and for different model configurations can be seen 
in Table 8.2.
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Fig. 8.3 Variation of the volumetric lift coefficient with changes in the angle of incidence for various model 
configurations.
In order to calculate the position of the neutral point, for use in specifying the desired 
position of the centre of gravity and buoyancy in the final design, the pitching moment variation 
with lift must be found. Fig. 8.4 shows this relationship for the model. Firstly the addition of the 
fins reverses the slope of the graph and also linearises the characteristic providing a stable and 
constant neutral position within the envelope of the model. The fins on neutral point position is 
located 40%L aft of the nose. In the cases without the fins the picture is more complicated, the 
shape of the curves is non-linear but can be split into two main regions. The area between -5° and 
+1° is approximately linear and of a much greater slope than the remaining part of the graph. 
Table 8.2 shows the slope of the various parts of the graphs, the positive slopes being unstable 
with the neutral point being forward of the nose. The neutral point locations from the nose can be 
found from Table 8.2 by applying the slope figures to the equation -
(8.1)
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where hj^  is the non-dimensional neutral point distance from the nose if is measured about the 
nose. Again looking at the graphs it can be seen that the origin has been shifted by 0.005 along the 
pitching moment axis and 0.01 along the lift axis.
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Fig. 8.4 Variation of the volumetric pitching moment coefficient (about the nose) with changes in the 
volumetric lift coefficient for various model configurations.
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Fig. 8.5 The velocity profile of the boundary layer on the upper half of the body
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angular posn /  degs.
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Fig. 8.6 The velocity profile of the boundary layer on the lower half of the body
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No satisfactory explanation has been given for the apparent shift in the zero lift angle and 
the dramatic increase in the predicted drag. The results as they stand are no better at their best 
than a standard turbulent body therefore jeopardising all the possibilities afforded by using a 
laminar flow body. No anomalies were seen in the transition position or the flow over the tail 
section when wool tufts and liquid dye flow visualisation were applied. The flow remained 
attached and turbulent as the calculation predicted. Fig. 8.5 also supports the already gathered 
data that the boundary layer on the body was as predicted both in shape and thickness, at least 
over the top half of the body. Fig. 8.5 also shows a drop in the flow velocity behind the fins at 0°, 
90° and 180°. Finally Fig. 8.6 graphically displays the reason for the anomalies between the 
visualisation data and the measured forces. On the lower half of the body the boundary layer is of 
an attached turbulent profile so long as the rake was positioned within 45° of the horizontal, any 
further round the body towards the vertical the velocity in the outer part of the boundary layer 
does not reach the free stream velocity as with the other rake measurements. This low speed 
region can be attributed to the wake which is shed by the main strut, therefore causing not only a 
drop in the measured velocity profile but producing an effective base drag on the large rearward 
facing area of the tail section. The wake would also cause a differential between the top half and 
lower half of the model in the flow over the rear section in a stream wise sense, therefore causing 
a suction in this region producing an extra lift force on the model. The wake was measured to be 
approximately 160mm across at a distance 640mm from the main support strut, these dimensions 
agree well with the empirical data from Schlicting for the growth of a turbulent wake shed from a 
circular cylinder of infinite length.
The wake rake was initially designed to measure the flow velocity at various positions 
within the boundary layer at the propeller location. The data from these measurements were to be 
used in the second stage design of the propeller by replacing the "Myring" code predicted 
boundary layer profile by a measured profile. Whilst conducting this series of measurements the 
aforementioned boundary layer profile was found at different angular positions, see Figs. 8.5 and
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8.6. From the difference found between the flow over the upper and lower halves of the body aft 
section a quantitative decision was made concerning the origins of the anomalies in the drag 
measurement. It was concluded that the increase in drag was produced by the wake fi'om the main 
mounting strut interfering with the aft body flow. In order to gain some quantitative verification 
of the magnitude of the interference effect it was decided to use the rake data to calculate 
approximate values for the drag of the vehicle in different configurations. The theory used to 
calculate the drag was formulated for wake rakes placed 20%L behind the model where the 
boundaiy layer jfrom the model has formed a wake consisting of generally steady mean flow 
characteristics. The use of this formula with the rake at 96%L fi*om the nose of the model will 
provide an underestimate of the drag as the flow over the body will not have reached the steady 
wake stage. The values calculated will provide a good approximation to the drag of the body to 
support the balance measured results and the quantitative explanations.
Using the theory proposed by Jones (1936) the rake data can be integrated over the 
annulus described around the model by the boundary layer thickness to estimate the drag of the 
model. This theory should be used with results fi'om a wake rake mounted 20%L down stream of 
the model but as an approximation to the actual drag this theory will suffice as it is being 
employed at 96%L from the nose where the boundary layer is almost fully developed. From the 
results displayed in Figs. 8.5 and 8.6 the boundary layer thickness was taken to be 90mm and an 
area around each probe with boundaries half way between that probe and its neighbour were 
taken as the integral area. The drag of the model was then calculated for a variety of rake position 
combination i.e. -
1) All of the rake positions recorded in Figs. 8.5 and 8.6
2) All of the rake positions between -157.5° and +157.5° and in the top half of the model except 0 
° and 90° (x2)
3) All of the rake positions between 0° and 157.5° and in the top half of the model (x2)
4) Just the rake positions at 22.5°, 45°, and 67.5°, 90° (x4)
angular posn /degs
-o.a»-0.4-1.4 - 0.6- 1.2
log (r/delta ) 157.5
-0.05
View from Rear 135
112.5
- 0.1
180 67.5
-0.15
-90
22.5
- 0.2 -22.5
-157.5
-0.25
 X  1/5.25 power
lo g (u /U )
-0.3
Fig. 8.7 Power profile of the velocities across the boundary layer in the plane of the propeller
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The results from case 1) will give an estimate of the total body drag, case 2) will give an estimate 
of the drag of the body alone, case 3) will give an estimate of the drag of the body with the fins 
attached and finally case 4) will give a similar solution to case 3).
The total volumetric drag coefficients for each case are as follows
1)C^^ = 0.019
2) Cj,y = 0.0071
3 )0 )^  = 0.0107
4 )0 )^  = 0.0084
It can be seen that in the last three cases the drag coefficients are close to those predicted 
computationally but with the addition of some of the wake from the main strut the drag is over 
doubled (note that not all of the wake was able to be measured giving an underestimate in case 1). 
These results give weight to the argument that it is the interaction of the wake from the main strut 
with the rear section of the model that is causing the increase in the drag coefficients and the extra 
lift at zero incidence.
From the wake rake data that is not affected by either the main strut or the model’s fins the 
boundary layer profile can be deduced. I f  it is assumed that the boundary layer is turbulent and 
fully developed and not separated or laminar, therefore a simple power law can be fitted to the 
expérimentai data as recommended by White (1991). The equation relating the relative velocity in 
the boundary layer parallel to the free stream to the non-dimensional radial position in the 
boundary layer has the form -
and taking logs of both sides gives
(8.2)
logio —1 - — (8.3)
Fig. 8.7 shows the 3 experimental results taken from the rake compared to a theoretical fit using 
n=5.25. The correlation is good and so this data can be used in the second design iteration of the 
propeller design.
It therefore appears that the interaction of the strut wake with the body was the cause of 
the drag anomaly and could explain the lift and pitching moment offsets observed. Only another 
set of tests which would include full support-strut interface measurements would give the true 
body alone characteristics.
In Chapter 3, during the propeller design process, reservations were made concerning the 
propeller blade characteristics and reference was made to propeller tests.
Initially the motor and torque cage were mounted inside the aftend of the vehicle and the 
motor and load cell connected to their various supplies via the main mounting strut. The propeller 
was then secured onto the end of the transmission shaft and the motor ran up to the design speed. 
Some slight mechanical vibration was heard, this was reduced by applying grease to the angular
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contact bearings. A series of measurements were taken and the thrust and torque of the propeller 
calculated from the balance drag data and the load cell output respectively. These tests showed 
that the propeller was producing only 20% of the expected thrust and torque at all of the advance 
ratios tested. Further investigation, using the china clay flow visualisation, revealed that with the 
propeller running, a turbulent region could be seen on the lower third of the body extending from 
about 20%L. It was concluded that mechanical vibration of the motor/propeller system was 
causing vibration in the forebody which initiated premature transition of the boundary layer. 
Considering the wake rake results, calculated after the propeller test, and the findings of the 
visualisation it can be seen that the propeller was operating in a boundary layer that was not 
representative of the situation it was designed for. This led to the design of an off body propeller 
test boat (see Chapter 6).
The propeller test equipment described in Section 6.4 was manufactured and mounted on 
the main support strut. The motor was cormected to the water supply and the three phase power 
supply, and the load cell to the associated amplifier and readout by passing the connections down 
the centre of the strut. The propeller was attached to the front of the propeller boat and the motor 
ran up to the design speed of 10800 rpm. There was no mechanical vibration and the motor 
seemed to be working perfectly. As the tests commenced a thermocouple on the motor casing 
began to read high temperatures and the tests were stopped. It was found that the motor was over 
heating and the propeller was more difficult to turn by hand at the end of the run. It was 
concluded that the motor was at fault, possibly due to a bearing inside the motor seizing, and this 
put doubts on all of the tests conducted previously with that motor. As the motor had been 
prepared especially for this series of test, by applying brass rings to the casing (see Section 6.4.6), 
no further tests were possible.
The conclusions drawn from the two series of propeller tests were that the propeller, due 
to the flawed design procedure may not have been producing the expected thrust and torque. The 
propeller was also operating in a flow that on the lower half of the revolution was separated and 
the upper half was turbulent and laminar (free stream). These conditions were not the same as the 
conditions the propeller was designed to operate in. Also some doubt on the first series of tests 
was cast when, in the second series of tests, the motor failed and no further experiments could 
take place.
Table 8.2 - Summary of the experimental non dimensional characteristics of the model
Characteristic Value Model Config. Incidence Range Rev Range
Transition Position 70%L from nose Fins off, nat. trans. 0° 2.5 X  10"
Transition Position 71%L from nose Fins off, nat. trans. 0° 2.0x10"
Transition Position 55%L from nose Fins off, nat. trans. 0° 3.2x10"
0.0225 Fins off, nat. trans. 0° 2.5 X  10"
^DV 0.0245 Fins on, nat. trans. 0° 2.5 X  10"
0.0375 Fins off, trip trans. 0° 2:5x10"
0.004 One fin only 0° >3.5x10"
/rad
da
0.095 Fins off, nat. trans. -5° to +1° 2.5 X  10"
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/rad
da
0.191 Fins off, trip trans. -5° to + l° 2.5 X  10"
/rad
da
0.358 Fins off, nat. trans. -15° to -5° 2.5 X  10"
/rad
da
0.374 Fins off, trip trans. -15° to -5° 2.5 X  10"
/rad
da
0.859 Fins on, nat. trans. -15° to +1° 2.5 X  10"
^^ MVn
dCjy
5.0 Fins off) nat. trans. -5° to +1° 2.5x10"
dCjy
1.4 Fins off) trip trans. -5° to +1° 2.5 X  10"
dCjy
.238 Fins off) nat. trans. -15° to -5° 2.5 X  10"
dCjy
.381 Fins off) trip trans. -15° to -5° 2.5 X  10"
-0.396 Fins on, nat. trans. -15° to +1° 2.5 X  10"
^Dv (rake) 0.019 All rake positions 0° 2.5 X  10"
Q y (rake) 0.0071 -157.5° to 157.5° 
(ex..O° and 90° )
0° 2:5 X  10"
CoK (rake) 0.0084 22.5, 45°°, 67.5°, 
and 90°
0° 2.5 X  10"
Cjjy (rake) 0.0108 0 °to 157° 0° 2.5 X  10"
n 5.25 Fins on, nat. trans. 0° 2.5 X  10"
Table 8.3 - Comparison between the predicted and experimental stability characteristics
Characteristic Kaminsky (1976) 
Data (Ch. 5)
1st Test Data
Aspect Ratio 4.76 4.76
Chord (m) &336 0.336
A (m2) 1.396 1.396
h(L) -1.0 -5.0
a (/rad.) 0.464 0.095
ai (/rad.) 4.424 4.424*
Sf(m2) 0.537 0.537
lf(L) 0.912 0.912
Neutral Point (L) 0.503 0.600
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* Fin lift curve slope not calculated fi'om experimental data, therefore the calculated values were 
used.
The test results and the calculated predictions (Chapter 5) for the static stability 
characteristics can be seen in Table 8.3. The test results were taken from the region around 0° 
incidence and result in a neutral point just aft of the predicted position. Little comment can be 
made about the differences between the measured and predicted values because of the accuracy of 
the experimental results. A summary of this chapter can be found in Packwood and^Huggins 
(1993).
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Chapter 9_____________________________________________ Modifications to the Test Equipment
MODIFICATIONS TO THE TEST 
EQUIPMENT
From the initial wind tunnel test results presented in the previous chapter, it was 
concluded that the much larger than predicted drag coefficients and the shift in the zero lift angle 
could be attributed to the wake shed by the main strut interfering with the flow over the rear 
portion of the model. It was proposed that this interference effect produced a large amount of 
slower moving air over the rearward facing tail section so producing an effective base drag 
increment over the drag of just the model. It was decide to return to the same tunnel to carry out 
a full investigation of these effects and to attempt to devise a way of removing them from the 
experimental results therefore leaving the characteristics for the model only. In order to attain this 
goal several modification had to be made to the model.
Fig. 9.1 shows the new model configurations used for the second series of tests. The 
model had an opening cut into the upper surface opposite the cut-out for the main strut. This new 
aperture was dimensionally similar to the main strut cut-out and the foam seal around the main 
strut was also duplicated on the upper cut-out to maintain symmetry. The piece of fibre glass that 
was removed, using a key hole saw, was converted into a removable flap that could be fixed to 
the model via two countersunk screws when the opening was not required. In Testl (see Fig. 9.1) 
the flap was removed and a solid plastic dummy strut, again of the same dimensions as the main 
strut, was attached to a lug arrangement on the inner fi-ame. This dummy strut was shorter than 
the main strut and only protruded part way into the dummy strut guard. The dummy strut guard, a 
copy of the main strut guard, was attached to the roof of the tunnel and care taken to ensure the 
dummy strut was not in contact with it. In Test2 (see Fig. 9.1) the dummy strut was removed and 
the flap replaced giving essentially the same model as in the original tests. Care was also taken in 
the manufacture of the upper cut-out and the cover to maintain the profile of the model surface by 
ensuring a clean fit between the model and the flap.
Fig 9.2 gives a diagrammatic breakdown of the forces and moments acting on the model 
during the tests. The diagram shows each of the drag, lift and pitching moment components for 
each of the model parts, noting that the body component includes the fins when attached. The 
letters by each of the force axis systems will be used in the analysis to designate the model parts 
i.e.
b - body (including fins where used) 
s - main strut 
d - dummy strut 
t - tail strut
is - interference due to the main strut 
id - interference due to the dummy strut
A superscript of +/- will also be used to identify the sign of the angle of incidence used. It should 
also be noted that -
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= 0 (the struts are symmetrical and perpendicular to the oncoming flow) (9.1)
(9 2 ) 
(9 3) 
(9.4) 
(95)
D ;= D j,D ;= z ) ;
^s -  Rid’Ris ~ RRid
^is -  RRid ’ RRis -  RRid
Test 1 - body + main strut + dummy strut + tail strut Test 3 - tail strut
Test 2 - body + main strut + tail strut
Fig. 9.1 - Views of the different model/strut configurations used for the interference test
and when the model is at 0° incidence -
D l= D l
'id
m ? = m !id
(9.6)
(9.7)
(9.8)
(9.9)
From Fig. 9.2 the following equation defining the total forces and moments for each configuration 
can be deduced -
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t^estx = ^  + ^ is + ^ id
^ t e s t l  = ^  +
where X  can be substituted by either L, D, or M  (the lift, drag or pitching moment).
Direction
of Wind
(9.10)
(9.11)
(9.12)
Fig. 9.2 - Diagram showing the forces and moments acting upon the model
Therefore using a combination of Eqns. 9.10 to 9.12 and taking into consideration the Eqns. 9.1 
to 9.9 the following expressions for the body alone characteristics can be deduced.
a) for the drag at 0° incidence
b) for the drag other incidences
D : = 2 x D I , - D I , - D I ,
+
test!
(9.13)
(9.14)
c) for the lift at various incidences
R b  ~  { R t e s t l  R t e s t l )  R te s tl testl (9.15)
d) for the pitching moment at various incidences
(9.16)
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It should also be noted that all of the corrections stated in the Chapter 7 still apply and are applied 
before Eqns. 9.13-9.16 are calculated. The errors associated with the calculations of Eqns. 9.13 to 
9.16 are calculated in a similar manner to the errors calculated for the first test results (Chapter 8). 
Eqns. 9.13 to 9.16 are composed of four elements therefore the errors are calculated on the bases 
of ±4 counts. The errors can be calculated from Table 8.1 by doubling the values for each test.
From the first series of tests the magnitude of the interference between the main strut and 
the model was uncommonly large. The calculation of the model only characteristics in this 
situation calls for both precise measurement and clear analytical procedures to reduce the 
experimental results into quality data. In most aeronautical applications the model is supported at 
the wing tips or under the fiiselage, see Pankhurst (1965), therefore the strut wakes do not 
interfere with the wings and are acting along the parallel section of the fuselage. Also for marine 
applications where wind tunnel, water tunnels, and ship tank tests are used the struts are usually 
placed on surfaces that are approximately parallel to the direction of the free stream i.e. along 
submarine or torpedo hulls and in the case of a ship tank there is no strut in the water at all, an 
illustration of this point can be found in Davenport (1988). The shape of this particular low drag 
submersible model and the unusual positioning of the main strut, so far aft, have culminated in the 
production of large interference forces and moments and so has resulted in the use of more 
elaborate model configurations and results analysis.
For each of the three strut/model configurations already described the three hull only 
configurations were tested again. The model configurations being - the body alone with natural 
transition, the body alone with fixed transition and the body with the fins attached with natural 
transition.
In addition to the modifications made to the model to accommodate the dummy strut, the 
fin assembly was altered to include the flap mechanism described in Chapter 6. The mechanism 
seen in Fig. 6.4, consists of the flap itself, a moment arm attached to the inboard end of the flap, a 
connecting rod and a load cell located inside the model. The rod connects to the load cell, which 
is mounted on a bracket attached to the internal frame, through one of the bolt holes. It's length 
can be adjusted with a turn buckle arrangement to give various flap angles. The long slot in the 
moment arm, shown in Fig. 6.4, is used to keep the connecting rod horizontal therefore ensuring 
the load cell only measures the inline load and is not placed under bending.
The load cell is calibrated directly whilst in the tunnel by connecting a thin steel wire rope 
to the moment arm, passing it over a pulley to a weight hanger on which various masses can be 
loaded. The hanger is loaded and the load cell voltage output is recorded for each applied moment 
giving a calibration curve for voltage in terms of applied moment. The addition of the flap 
mechanism to the model will provide more information to be used in verifying the computational 
element and used in the future design of the vehicle. The specific information it will provide are 
the characteristics -
cix and (9.17)
dri da dr\
which can be used to determine the stick free neutral stability point described in Chapter 5.
This series of wind tunnel tests were carried out in March 1993, some 12 months after the 
original test. By using the same tunnel, model and force balance the opportunity to check the
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repeatability of the original tests and to ascertain whether the fibreglass model shell had 
degenerated in any way therefore possibly altering the performance of the model was available.
187ft
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39ft X 40ft
WIND%   ,
' ^  DIRECTION%
. 30ft
30ft
g
I
I
Fan 
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40ft
h-
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80ft
Fig. 9.3 - General layout of the DRA Farnborough 24ft low speed wind tunnel
Apart from the interference calculation, another unique feature of this investigation was 
proposed. It was proposed that the model also be tested in a free stream with a much higher 
turbulence intensity. The initial tests were carried out at a turbulence intensity level of less than 
0.1% giving results for the vehicle characteristics in the low turbulence deep ocean. Further tests 
were planned to investigate how the vehicle may perform in a flow field more comparable to the 
water in the upper ocean. One method of increasing the background turbulence of the wind tunnel 
free stream is to insert either rods or course meshes across the working section entry thereby 
disturbing the flow by adding the wakes from these devises to the free stream. This method was 
investigated but was ruled out because of both financial constraints and also the logistical problem 
of attaching and siting the devices in the concrete wind tunnel walls. Another approach to the 
problem was to use another wind tunnel with a higher background turbulence intensity.
The tunnel chosen was the 24ft wind tunnel again at DRA Farnborough. A general layout 
of the tuimel can be seen in Fig. 9.3. The tunnel is of a closed loop, open working section design 
with a maximum operating speed of 50m/s and a circular working section of 24ft diameter and 
40ft length. A view of the model mounted in the tunnel can be seen in Plate 4b. One of the 
advantages of using this tunnel was that the main mounting strut from the No.2 tunnel could be 
used in this tunnel and only a tail stay need be manufactured. The tail stay was manufactured from 
1 " thick walled steel tube with a lug at one end to connect to the tail of the model and a collar at 
the other that fitted around the main strut giving a brace against any pitching moments.
Before the model was installed in the tunnel a series of measurements were made to 
determine the turbulence intensity of the free stream. A single hot-wire probe was attached to the 
top of the main strut and aligned to face into the oncoming stream. Fig. 9.4 shows the variation in 
the background turbulence intensity with changes in the free stream velocity. It can clearly be seen 
that at all velocities the turbulence intensity is greater than 1% giving a ten fold increase in the 
turbulence over the No.2 tunnel and being closer to the values that might be encountered in the 
upper ocean.
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The measurements to be taken in this tunnel were severely restricted by the accuracy and 
resolution of the balance installed in the tunnel. Only flow visualisation tests would therefore be 
carried out to determine where the transition position was situated under these conditions. The 
measured transition position could then be used in conjunction with the computational element of 
this project to estimate the new drag coefficient.
1.2 T
0.9
U /m /s
Fig. 9.4 - The variation of the turbulence intensity with tunnel speed for the 24ft tunnel
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FINAL TEST RESULTS
The second set of wind tunnel tests were carried out in the No.2 Low Speed Tunnel and 
the 24ft Tunnel at DRA Farnborough, UK between the 20th and 27th April 1993 and on the 6th 
of September 1993 respectively. As with the initial test results, the analysis and conversions stated 
in Chapters 7 and 9 have been applied, as appropriate.
A comparison between the two sets of results, gathered about a year apart, showed very 
good repeatability. Between the first and second sets of results there was a maximum repeatabihty 
error, for any particular model configuration, of less than ±2% for the raw console readings. The 
worst cases occurred at the higher tunnel speeds and at the larger incidences.
Referring to Eqns. 9.13-9.16 in the previous chapter it can be seen that the calculations for 
the body only characteristics are a combination of four tests results. This combination gives rise to 
errors of ±4 counts for the same reasons as described in Chapter 7. Therefore the magnitude of 
the error associated with the results presented in this chapter are twice those associated with the 
first test results. This said, the error in the drag coefficient at the design speed and at zero 
incidence is still only ±10%.
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4 53 61 20
body +1 strut
body + 2 struts
tail strut
body alone
R.,  xia" eV
Fig. 10.1 Breakdown of the measured volumetric drag coefficients for the various model configurations.
A breakdown of the components that make up the body only drag calculation are shown in 
Fig. 10.1. It can be seen that when compared with the predicted drag coefficient of 0.006 (at the 
design Reynolds Number of 2.5 x 10 )^ the individual test results from the second set of
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experiments in both the one and two stmt cases are significantly greater. In the case of the model 
being attached to both the main and dummy stmts it is 10 times greater, with only the main stmt 
attached it is 5 times higher. Even the tail stmt alone is half the magnitude of the expected model 
alone drag coefficient. This large increase in the drag is seen over the whole Reynolds number 
range. But it can be seen that the application of Eqn. 9.13 to these test results gives a drag 
coefficient profile (with respect to Reynolds number) that is of the correct magnitude and overall 
shape when compared with the predicted values and the results of Hansen and Hoyt (1984).
On comparing the raw data from the first and second test series no deterioration in the 
model was seen and very little difference in the balance readout was also seen. As the balance and 
model were seen to be stable only one set of results were taken for each test case. Also in the case 
of the drag coefficient/Reynolds number relationship (see Fig 10.2) the results fi’om the test at the 
lowest speed have been discarded as the errors were calculated and found to be too high. These 
errors were of the order of twice the model drag coefficient. A summary of the most important 
model characteristics can be seen in Table 10.1, these being taken directly fi’om Figs. 10.2 to 
10.11.
0.025
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C
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-------■— fins 0 % nat tran.
fins on, nat tran.
------- »— fins offi tripped
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Fig. 10.2 The variation of the volumetric drag coefficient with changes in the volumetric Reynolds number 
for various model configurations. _______________________________ _________
Fig. 10.2 shows the model only drag coefficient variation with Reynolds number for a 
variety of model configurations (namely fins on natural transition, fins off tripped and natural 
transition). The tripped case having a foil strip applied to the model circumfi’entially at the 5%L 
position. It can be seen that the two natural transition cases have drag coefficient of the order 
predicted and the incremental increase due to the addition of the fins agrees well in magnitude 
with the data published by Abbott and von Doenhoff (1959) for the NACA 66-006 Aerofoil 
section. The fin drag can be obtained by subtracting the fins-off case from the fins-on case for the 
natural transition model configuration. The magnitude of the fin drag can be seen in Table 10.1. In 
the tripped transition case a decrease in the drag coefficient at the lowest Reynolds number can be 
seen, this is probably due to some local re-laminarisation of the boundary layer aft of the trip.
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therefore reducing the drag coefficient in this case. This phenomena was also seen in the first set 
of test results in Chapter 8 confirming that it is not a factor of the calculation methods employed. 
Also it should be noted that in the tripped case the drag coefficients are still significantly lower 
than those for the Mk. 58 (unappended) torpedo whose drag profile can be seen in Chapter 2.
Fig. 10.3 shows the extent to which the low drag region is affected by increases in 
magnitude of the angle of incidence. The graph is symmetrical about 0° incidence, as expected for 
an axi-symmetric body, and has a constant low drag region between ±3°. At high angles of 
incidence the fin drag component becomes more significant and at 10° incidence it makes up 
almost half of the total body drag. Also when the tripped case and the untripped fins off cases are 
compared the difference between the two model states is significantly decreased at high angles of 
incidence. Finally the natural transition fins off model case can be deployed at an angle of ±7.5° 
before it has a larger drag than the torpedo shaped body at an angle of incidence at 0°.
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Fig. 10.3 The variation of the volumetric drag coefficient with changes in the angle of incidence for various 
model configurations
The variation of the model lift coefficient with changes in the angle of incidence is shown 
in Fig. 10.4. It can be seen that the fins on case is Knear with a slope much greater than that of the 
fins-off cases by a factor of approximately 3. In the fins-off cases there are three distinct regions 
the first being a central region between ±3° and two outer region greater than and less than ±3° 
respectively. In the inner section the slope of the natural transition case is smaller than that of the 
tripped case, but in the outer regions the slopes are generally equal and about twice the magnitude 
of the inner region. Again it should be noted that the symmetry of the graph is good showing the 
accuracy of alignment of the model relative to the wind axis and it also verifies the use of the 
equations to calculate the model only characteristics.
Fig. 10.5 shows the relationship between the moment coefficient about the nose and the 
lift coefficient. From the slopes shown in this graph the position of the neutral point for each 
model configuration can be deduced. As with the initial test, the results for the fins-on case is
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linear and has a negative slope which indicates a stable system, whilst the fins-off cases show a 
positive slope denoting an unstable system. Also consistent with the initial test results is the non- 
linearity of the fins-off characteristics and, similar to Fig. 10.4, the graphs have 3 regions located 
at the same incidence ranges. The slopes of the different regions can be seen in Table 10.1.
Incidence /degs. *  fins of^ nat tran. 
n  fins on, nat. tran.
♦  fins 0 % tripped
- 0.2
Fig. 10.4 The variation of the volumetric lift coefficient with changes in the angle of incidence for various 
model configurations._____________ ________ _ _______________________________ _________
In Figs. 10,1 to 10.5 the results have either confirmed the findings of the initial test results, 
referring to the shape of graphs, or built upon these results to give the true model-only 
hydrodynamic characteristics. Figs. 10.6 to 10.11 are concerned with measurements made to 
determine the stick fi’ee neutral point of the model. The specific quantities that are required are 
the lift curve slope of the fins (aj), the variation of the fin lift coefficient with flap angle (^2), the 
variation of the flap hinge moment coefficient with incidence (bj) and the variation of the hinge 
moment coefficient with flap angle (b2 ). The fin drag variation with lift can also be deduced fi’om 
the tests.
Fig. 10.6 shows the relationship between the lift of the fins only and the angle of 
incidence. The slope of this graph gives the lift curve slope for the fins and is denoted by 'a%'. 
Referring to Table 10.1 the value for the lift curve slope is within 10% of the values calculated in 
Chapter 5 from the ESDU data sheets. Also from Fig. 10.6 some evidence of stall (where the 
slope of the graph starts to decrease with increases in incidence) can be seen at the larger 
incidences and flap angles e.g. at +30° flap angle and 7° incidence. The position of the stall is 
again in accordance with the data stated in Abbot and von Doenhoff (1959) for the NACA 66-006 
aerofoil section. The Abbott and von Doenhoff data shows the section stalling at 8-12° incidence 
for a 0° flap angle and at 4° incidence for a 60° flap angle. The 10% difference between the 
measured and predicted lift curve slopes can be explained by the fact that the non- 
dimensionalising area for the theoretical coefficient does not take into account the presence of the 
tail cone which reduces the area producing lift. This reduction in the effective lift producing area 
of the fins will therefore reduce the lift curve slope.
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Fig. 10.5 The variation of the volumetric pitching moment coefficient (about the nose) with changes in the 
volumetric lift coefficient for various model configurations.
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Fig. 10.6 The variation of the fin lift coefficient with changes in the angle of incidence for various flap 
angles._____________________ ____________________________________ __________
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Fig. 10.7 The variation of the fin drag coefficient with changes in the fin lift coefficient for various flap 
angles.
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Fig. 10.8 The variation in the fin lift coefficient with changes in the flap angle for various angles of 
incidence.
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Fig. 10.7 can also be compared with the data presented by Abbott and von Doenhoff 
(1959). The good agreement in both shape and magnitude gives more confidence in the use of the 
balance and the correction methods employed. Again, as in Fig. 10.6 the drag coefficient values 
are slightly lower than predicted and this can also be attributed to the presence of the tail cone 
reducing the drag producing area. Another factor which may have given rise to the difference in 
the magnitude of the drag coefficient is that the Abbott and von Doenhoff data was taken at a 
chord Reynolds number of 3 x 10^  whereas these experiments were at 5.4 x 10^ . This drop in the 
Reynolds number will have produced more laminar flow over the fins and therefore reduced the 
drag coefficient slightly.
The variation of the fin lift coefficient with changes in the flap angle can be seen in Fig. 
10.8. The slope of this graph will give the 'elevator effectiveness' (Clancy (1991)) denoted by 'a .^ 
The graph can be split into 3 sections namely between ±10° flap angle and outside of this region 
in the positive and negative directions. The inner section has a greater slope than the two outer 
sections and when compared to the ESDU calculated values is slightly low (as with a^ ). The 
experimental value being lower than the theoretical value can be attributed to having only part 
span flaps in the experimental set-up as opposed to full span flaps in the calculations. Also the 
shapes of the lines on the graph at the negative and positive extremes of flap angle and the 
corresponding extremes in the angle of incidence show a flattening effect. This effect could be due 
to the separated region of air shed from the fin leading edge after stall (refer to Fig. 10.6) 
'shadowing' the flow over the flaps therefore reducing their effectiveness.
All of the fin lift and drag data presented in Figs. 10.6 to 10.8 were calculated by 
subtracting the final fins-off test results from the fins-on test results with natural transition. The 
coefficients were then calculated by non-dimensionalising with respect to the fin planform area i.e. 
span X chord, not taking into account the aforementioned tail cone section.
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Fig. 10.9 The variation of the hinge moment coefficient with changes in the angle of incidence for various 
flap angles. ___________________________
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From the tests carried out using the load cell apparatus attached to the flap mechanism, via 
the torque arm, the values of the flap hinge moment were ascertained and the values of bj and b2 , 
the flap control characteristics, calculated. Clancy (1991), and others (e.g. Babister (1961) and 
Seckel (1964)), state that in order to have stable flap characteristics b2  should always be negative 
and bj is preferred to be negative, although slightly positive is acceptable and mechanically 
balanced if necessary. The value of b^  is directly related to the positioning of the hinge with 
respect to the aerodynamic centre of the flap. The value of b2  is to be negative at all times because 
this was not so then the flap would travel to its furthest extent in the case of the flap actuator 
failing thus producing a large increase in the fin lift causing the vehicle to pitch violently. I f  bj is 
negative in the case of flap actuator failure the flap will tend to float with the oncoming flow. It is 
acceptable for bj to be slightly positive as the tendency to float against the free stream can be 
corrected by using springs or other mechanical resistance inside the flap/fin junction to oppose 
this tendency returning the overall control motion to the type seen if bj were negative.
From Fig. 10.9 the rate of change of the hinge moment coefficient with respect to the 
angle of incidence can be seen. The slope defines the value of b|. Around the centreline, 0° 
incidence, the slope is close to zero for all but the greatest angle of flap. Away from the centre the 
slope becomes more negative the greater the incidence and the greater the flap angle. This agrees 
well with the ESDU data sheet calculations which resulted in a slightly negative value for the 
slope of this graph.
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Fig. 10.10 The variation in the hinge moment coefficient with changes in the flap angle for various angles of 
incidence.
From Fig. 10.10 the value of b2  can be calculated, being equal to the slope. This graph is 
generally hnear at all incidences and the magnitude of the slope is again slightly lower than for the 
ESDU data sheet calculated characteristic. This, as before, can be attributed to the difference 
between the use of full span flaps in the theory and part span flap in the experiments.
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Finally, for the No.2. low speed tunnel tests, Fig. 10.11 displays the variation of the model 
moment coefficient taken about the nose with changes in the lift coefficient for a range of 
incidences and flap angles. As would be expected all of the characteristics are linear and have an 
equal negative slope. This equates to a stable body when the fins are attached, at all flap angles, 
with a neutral point approximately 44.5%L from the nose. The lateral spread of the graphs is due 
to the incremental increase in the lift due to the flap angle.
0.25,
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L V
0.05 0.1-0.05-0.15
-0.05
- 0.1
-0.15
- 0.2
-0.25
Flap Angle (Degs)
Fig. 10.11 The variation of the volumetric pitching moment coefficient (about the nose) with changes in the 
volumetric lift coefficient for various flap a n g le s ._______________________________ ________ _
The final experiments carried out were in the 24ft tunnel at DRA Famborough. Here china 
clay flow visualisation was used to display the position of transition on the model. The reason for 
these tests was to tiy to determine the effects of the increased free stream turbulence on the 
stability of the boundary layer. With an increase in the free stream turbulence, by a factor of 10, 
the transition would be expected to move towards the nose and possibly even to cause the whole 
boundary layer to be turbulent. Plate 5 shows the results of the flow visualisation at the design 
Reynolds number. The transition from laminar to turbulent flow being situated at approximately 
55%L from the nose of the model. The transition is less regular, in a radial sense, than in the less 
turbulent tunnel with larger turbulent wedges being randomly formed around the body . The 
position of transition was surprisingly far aft considering the large increase in the free stream 
turbulence resulting in over half of the model being laminar. One other test was performed in this 
tunnel, namely re-running the flow visualisation but with a strip of insulating tape applied to the 
model surface circumferencially at about 15%L from the nose. This was to simulate a forwards 
split in the hull to allow for access to forward mounted sonars and test equipment and also access 
to the forward part of the pressure vessel. The transition in this case was found to be at 45%L 
from the nose, again giving a substantial amount of laminar flow therefore still giving better drag 
coefficients than the standard parallel sided bodies in an ideal flow with no surface defects.
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Table 10.1 - Summary of the experimental model hydrodynamic characteristics
Characteristic Value Model
Configuration
Incidence / Flap 
Range
R„ Range
0.0041 Fins off, nat. trans. a  = 0° 2.5 X 10'*
Q r 0.0058 Fins on, nat. trans. a  = 0° 2.5 X 10'*
Cnv 0.0189 Fins off, trip trans. a  = 0° 2.5 X 10®
^ D V
0.0050 One fin only a  = 0° 2.5 X  10®
/rad
da
0.253 Fins off, nat. trans. a  = -3° to +3° 2.5 X  10®
/rad
da
0.298 Fins off, trip trans. a  = -3° to +3° 2.5 X  10®
/rad
da
0.409 Fins off, nat. trans. 
Fins off, trip trans.
a  = -10° to -3° 
a  = +3° to +10°
2.5 X  10®
/rad
da
0.974 Fins on, trip trans. a  = -10° to +10° 2.5 X  10®
^^M V n
dCj^ Y
2.357 Fins off, nat. trans. a  = -3° to +3° 2.5 X  10®
dCjjY
0.605 Fins off, trip trans. a  = -3° to +3° 2.5 X 10®
^^M V n
dCjy
0.292 Fins off, nat. trans. 
Fins off, trip trans.
a  = -10° to -3° 
a = +3° to +10°
2.5x10®
^^M V n
dCjy
-0.365 Fins on, trip trans. a  = -10° to +10° 2.5 X  10®
/rad
da
3.68 Fins on, nat. trans. all flap angles 
below stall
2.5 X 10®
/rad
dr]
1.504 Fins on, nat. trans. a  = 0° 
r\ =  -10° to +10°
2.5 X  10®
/rad
dr]
1.034 Fins on, nat. trans. a  = +10°
Tj = -10° to +10°
2.5 X  10®
/raddr]
0.639 Fins on, nat. trans. a  = -5° to +10° 
T[ = >10° to <10°
2.5 X  10®
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/rad
da
-0.05 Fins on, nat. trans. a  = -6° to +6° 
T| = +10° to -10°
2.5 X 10^
/rad
drf
-0.414 Fins on, nat. trans. all incidences 
all flap angles
2.5 X 10®
^^ MVn
dCj^ Y
-0.442 Fins on, nat. trans. all incidences 
all flap angles
2.5 X 10®
Table 10.2 - Comparison between the experimental and predicted stability characteristics
Characteristic Kaminsky/ESDU Data 
(Ch.5)
2nd Test Data
Aspect Ratio 4.76 4.76
Chord (m) 0.336 0.336
A (m2) 1.396 1.396
h(L) -1.0 -2.357
a (/rad.) 0.464 0.253
ai (/rad.) 3.93 3.68
Sf(m2) 0.537 0.537
If(L) 0.912 0.912
Neutral Point (Fixed) (L) 0.463 0.416 (calc) 
0.365 (expt)
a? (/rad.) 1.518 1.504
bi (/rad.) -0.107 -.05
b? (/rad.) -0.374 -0.414
Neutral Point (Free) (L) 0.302 0.280(calc)
0.442(expt)
Note - the calculated neutral point for the second series of results are obtained by applying the 
experimental hydrodynamic parameters to Eqns. A4.19 and A4.25.
A comparison between the experimental and the predicted (see Chapter 5) neutral points, 
both stick fixed and stick fi'ee, can be seen in Table 10.2. In the case of the experimental results 
the neutral points are obtained from the graphical data. Figs. 10.5 and 10.11, and by applying the 
hydrodynamic characteristics, seen in Table 10.1, to the stability equations in Appendix 4 (Eqns. 
A4.19 and A4.25). It can be seen that the predicted and the experimentally calculated results 
show good agreement for all if the characteristics apart firom the values of *h' and 'a'. The 
calculation of the slope of the graphs for the body only/transition fi*ee cases in Figs. 10.4 and 10.5 
is dependent on the point on the graph at which the slope is to be measured and the range over 
which the data is to be valid. The difficulty arises fi'om the form of the graphs, being non-linear 
and so the measurement of the gradients of these parameters becomes more difficult. This 
measurement artefact is not the only explanation for the difference. The data for the prediction 
was derived from the UFSS data (Kaminsky (1976)) which has a long parallel tail boom. The 
difference in the UFSS body shape and the body profile used for these tests will be another source 
of the differences seen in the data.
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There is also a difference between the calculated and predicted neutral points both in the 
stick free and stick fixed situations. Comparing the stick fixed results, the difference of 0.05 IL  
can be attributed to the value derived for 'h' which was used in the calculations. In the stick free 
case the calculated neutral point is 0.162L forward of the experimental position. The most likely 
source of this difference is in the value of bj. From Fig. 10.9 it can be seen that the graph is non­
linear and both positive and negative slopes are seen at different points on the graph. The 
experimental data used was taken at the origin and for small values of flap angle, giving a negative 
value for bj. I f  bj is negative then the stick free neutral point will be forward of the stick fixed 
position and vice versa for positive values of bj. This would account for the distance between the 
stick free and stick fixed neutral point. A sumary of this chapter can be found in Huggins and 
Packwood (1995).
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CONCLUSIONS AND FUTURE 
PROGRAMMES
11.1 CONCLUSIONS
By assessing the procedures employed and the results found against the original objectives 
stated in the Introduction (Chapter 1) several conclusions can be drawn.
From the general optimisation of the shape and size of the vehicle (in Chapter 2) it can be 
concluded that a low-drag, laminar-flow hydrodynamic form is the only economical solution. This 
allows for the amount of power cells required and the size of the vehicle for convenient onboard 
ship handling for deployment and recovery purposes. In minimising the propulsive energy required 
for the long range mission (see the mission objectives stated in Chapter 2) the quantity of the 
power cells are reduced and therefore the cost of the total vehicle is reduced. It can also be seen 
from Fig. 2.9 that at high speeds the propulsive energy requirement is dominant over the 'hotel' 
energy requirement and vice versa at low speeds.
Using the 'Myring' flow calculation code to predict the drag of the body shape (less fins) 
introduced uncertainty in the performance of the code for this type of shape. Previous verified use 
of the code was limited to parallel sided bodies and ellipsoid shapes, therefore a validation process 
was required before the program could be employed for the low drag vehicle shapes. The 
validation was based on the UFSS body shape and comparisons made with the experimental 
results of Hansen and Hoyt (1984). From Figs. 3.6 and 3.7 it can be concluded that the code, 
when used with a range of particular point distributions and numbers of points per body section, 
can give very consistent results for the drag of the body. The calculated drag being within ±1.2% 
of the average experimental drag for the UFSS test body shape. The main governing factor on the 
accuracy of the results was the number of points on the mid body section. The reason for the mid 
body section being the most significant region was that the body segment here have similar slopes. 
I f  the number of segments is large in this section computational problems occur in the calculation 
of veiy large or very small quantities leading to the eventual cessation of results being produced. 
The "Myring" code includes a propeller modification which models the effects of adding a lightly 
loaded propeller to the body profile. It was concluded that when used with parallel sided, mainly 
turbulent bodies good results were produced but some reservations were held concerning the use 
of this modification with a laminar flow vehicle. The use of the propeller modification with 
laminar flow shapes, which have small turbulent boundary layers at the propeller plane, would 
produce a discontinuity in the displacement surface therefore underestimating the effect of the 
propeller when compared to the real situation.
A family of previously un-investigated aftend profiles was used to produce closed body 
shapes that were between ±10% of the mean body length, also varying the angle at which the tail 
closed. Larger closure angles gave a flatter section in the aftend with a cubic shaped profile, 
whilst the smaller angles produced more cusped profiles with a steady decrease in slope over the
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aftend. The aftend series of shapes and the usable range of two of the governing variables can be 
seen in Figs. 3.8a-e and 3.3. The family of aftend sections were mated to the Hansen and Hoyt 
(1984) /  Parsons et al (1974) fore and mid body profiles, these were investigated using the 
'Myring' code. From the calculation of the drag of these bodies it can be seen from Figs. 3.6 and 
3.9 that there is a 10 - 15% improvement over the Hansen and Hoyt (1984) /  Parsons et al (1974) 
open tail section. The values of x^=0.2 and a=15° were chosen for the final aft end shape. With 
the addition of a mathematical propeller representation (Fig. 3.10) it can be seen that there is a 
further small reduction in the drag of the body for all shapes. This reduction in drag is contrary to 
the usual action of a propeller acting in the wake of a more conventional ship. The propeller 
increases the velocities of the flow in the boundary layer forward of the propeller stabilising the 
boundary layer. This increase in the velocity of the flow increases the pressure gradient in this 
region and so reduced the turbulent drag in this region. These effects can be seen by comparing 
the velocity profiles and the boundary layer characteristics for the propelled and un-propelled 
cases in Figs. 3.11 and 3.12.
This study has also developed a procedure and accompanying computer programs which 
can be used to design a modified Gawn propeller. The optimisation of the propeller for this 
application differs from most other marine applications in that the propeller will be turning in a 
small, un-separated, symmetric boundary layer. In most marine applications, both surface and 
submerged, the propeller is usually acting in a largely separated, turbulent and often asymmetric 
flow e.g. in the wake of a ship. The environment in which the propeller will be working led to the 
computational adaptation of the blade element theory to take into account the boundary layer of 
the vehicle body in the propeller's oncoming flow (see Appendix 2). The geometry of the propeller 
also had to be altered to allow for machining the propeller on a 3-axis CNC milling machine based 
at the University of Surrey. The use of this particular type of machine requires that there be no 
under-cuts in the geometry. The thickness profile of the blades were systematically altered and a 
variable pitch distribution along the blades was applied to ensure that the propeller could be 
produced. The initial plane Gawn geometry was used to verify the code against the experimental 
work of Gawn (1961). It can be concluded that the program predicts the propeller behaviour 
within the limits of validity of the drag and lift models used for the propeller blade sections. These 
model equations are however the most inaccurate part of the calculation process. At each 
modification to the propeller or incoming flow geometry the results were examined and the trends 
seen in the propeller characteristics verified against the expected changes.
It can be concluded that the overall and radial propeller characteristics behaved as 
expected (see Figs. 4,8, 4.9, 4.11, 4.12, and 4.15 to 4.22). A major omission in the definition of 
the propeller blade section characteristics was the exclusion of any reliance on the change in 
camber with thickness. This gives rise to some reservations concerning the results. The 
mathematical process by which the propeller characteristics have been calculated can be seen to 
be valid for the propeller shape chosen. Comparing the results in Chapter 4, at each step of the 
modification process, the propeller characteristics, both in the propeller charts and on an 
elemental basis, can be seen to behave in a predictable manner. To fully validate the propeller 
program a propeller with a mathematically defined developed outline and blade section and more 
importantly known lift and drag profiles will need to be applied to the calculations. This data can 
then be compared to experimental results for the propeller, to ascertain the effectiveness of the 
propeller program in calculating the propeller characteristics. Alternatively, experimental data for 
the Gawn blade section could be measured and then integrated into the propeller program, this 
will be further discussed in Section 11.2.
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The initial design for the fins, based on the stick fixed stability criteria and using the data 
of Kaminsky (1976) for the NRL/UFSS body, gave the fin dimensions and their axial position 
along the body. It can be concluded from Fig. 5.4 that although the optimum solution was that of 
a body having a long slender tail with small fins this was found to be impractical. Control runs for 
flaps and propeller transmission shafts would be difficult to install with the optimum solution. A 
compromise was chosen which had a shorter tail section and larger fins but which had space inside 
the tail section for the actuators, control rods, motor, transmission etc. In order to design the 
control flaps on the fins, the ESDU series of data sheets were used to estimate the characteristics 
needed to satisfy the stick free static stability criteria. The data sheets used and the procedure for 
calculating the hinge characteristics are documented in Chapter 5. The results in Chapter 5 show a 
slightly less stable vehicle stick free as opposed to fixed stick as would be expected with the 
addition of the plane flaps. From this part of the design it was possible to design fins and flaps that 
resulted in a static stability neutral point placed aft of 30%L stick free and aft of 50%L stick fixed. 
These figures for the neutral points can be used later in the design of the internal details of the 
vehicle, both structural and control sub systems, to assure the whole vehicle operates in a 
predictable, controllable and energy efficient manner.
The procedures presented in Chapters 2-5 and the results derived from them form the 
basis of a comprehensive design to optimise the hydrodynamic shape of the low drag vehicle. 
From the findings in Chapters 2-5 the data exists to design the vehicle to be the most 
hydrodynamically efficient possible. This case is the most desirable, but when the hydrodynamic 
design system is considered as part of the larger project, which includes naval architecture, 
operation and control and propulsion of the vehicle, this optimum case must be compromised in 
some ways. Therefore taking Chapters 2-5 as a parallel study with interaction between the 
generic, body, propeller and fin designs and also considering the external input, it can be 
concluded that the vehicle geometry and hydrodynamic characteristics are a unique solution for 
this particular application. For other mission requirements different solutions may become 
apparent but this program has provided the methods and some of the data required to arrive at 
these solutions.
Chapter 6 describes the design of the one half scale wind tunnel model of the 
hydrodynamic shell. The use of a number of different material and construction techniques 
enabled all of the predefined design criteria for the model to be met. The comparison between the 
CAD system calculated masses and centres of mass and the experimentally measured properties 
confirm the design decisions made concerning the model construction and material. The well 
managed design and manufacture of the model enabled the whole process to simulate some of the 
full production techniques. This also enabled the model to be prepared economically and that the 
wind tunnel experiments would be run on a model which has surface shape and roughness 
properties similar to the proposed full-scale vehicle. The production of a high quality model also 
allowed the series of tests to be carried out effectively and efficiently.
Three main conclusions resulted from the first series of wind tunnel tests (see Chapter 8), 
namely, the vehicle exhibited slightly more than the predicted amount of laminar flow, the 
behaviour of the body without the fins attached is generally non-linear, and due to the unique 
shape of the vehicle and the mounting system used, a large amount of strut interference was 
encountered. Plate 4 shows the position of the transition from laminar to turbulent flow over the 
body. This is located at 70%L which verifies the assumption made in Chapter 3. The actual 
position stated by Hansen and Hoyt (1984) and used in the calculations in Chapter 3 was 67%L. 
The large amount of laminar flow was seen despite there being some slight ripples in the surface 
of the fibre glass section around the mid position. Therefore it can be concluded that under low
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background turbulence conditions the laminar flow region can be maintained over 70% of the 
body even when unsophisticated manufacture techniques are used for the hydrodynamic shell. It 
can also be concluded that the addition of a closed aftend increases the stability of the boundary 
layer downstream of the predicted transition position of 67%L therefore delaying transition on the 
model to 70%L.
From Figs. 8.3 and 8.4 it can be seen that the behaviour of the unappended vehicle in 
respect to the lift and pitching moment variations with incidence, is veiy non-linear. The non- 
linearity being caused by the movement of the transition position as the pressure distribution over 
the surface varies with incidence. This possible explanation is re-inforced by the fact that at high 
incidences, where the transition position may be close to the nose, the characteristics of the 
unappended natural transition case approaches the unappended tripped transition case (see Figs.
8.2 to 8.4).
The most surprising result from the first set of tests was the high drag coefficients 
recorded, despite the large amount of laminar boundary layer already observed (see Fig. 8.1). Fig. 
8.6 gives an explanation for this difference in the quantitative and qualitative results taken. The 
velocity profiles at the plane of the propeller (96%L) clearly show a large slower moving section 
of air located underneath the aftend. It was concluded that this was due to the interaction of the 
wake shed from the main supporting strut and the rearward facing section of the model. This 
interaction effectively caused a base drag on this section of the model increasing the drag of the 
whole body dramatically. This is also numerically displayed by the results from integrating the 
velocity profile over this region using different combinations of the measurements made (see the 
results on page 8.7). This interference effect can also be seen in the shift in the expected zero lift 
angle and zero pitching moment angle seen in Figs. 8.2 to 8.4. These graphs were expected to be 
symmetrical but the origin has been shifted by a factor of approximately -2°. Again as this shift is 
seen in all of the characteristic graphs for drag, lift and pitching moment, with respect to 
incidence, it can be concluded that the interference is causing some suction under the aftend. This 
suction in turn causes a slight increase in the measured lift and pitching moment producing the 
origin shift seen.
Because of this unusually large interference effect modifications to the mounting 
arrangement and test schedule were needed. Chapter 9 describes the changes made to the model 
and the calculations required to eliminate the interference effects from the test results. The 
effectiveness of the new model configuration and the resultant calculations can be seen 
throughout the second series of test results in Chapter 10.
It can be concluded from the results presented in Chapter 10 that the experimental data 
was close to the predicted and calculated characteristics both in magnitude and trend. The drag 
coefficient variation with Reynolds number (Fig. 10.2) is of a similar shape to that documented in 
Hansen and Hoyt (1984) for the UFSS body but, with the addition of the closed tail section, there 
is a decrease in the drag coefficient of about 10%. This drag reduction also concurs with the 
finding in the first series of tests from the flow visualisation experiment where the transition 
position was measured at 70% as opposed to 67% for the Hansen and Hoyt (1984) body.
By using the interference calculations the origin shift seen in the first series of test was 
almost eradicated, with Figs. 10.3 to 10.5 being symmetrical and almost passing through the 
origin. From Figs. 10.4 and 10.5 the non-linearity of the body alone case characteristics can still 
be seen showing the sensitivity of the laminar flow body to changes in the angle of incidence.
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The second series of test results also gave the flap characteristics for the fin assembly. The 
fin lift variation with flap angle and the hinge moment characteristics agreed well with the 
calculated quantities using the ESDU data sheets (see Chapter 6). The majority of the 
experimental results being within 10% of the calculated results, the exception being the variation 
of the hinge moment with incidence. Even at the higher incidences the experimental value for the 
variation of the hinge moment with incidence is very similar to the calculated value. The 
culmination of this series of tests on the flaps is a full set of fin and flap characteristics which can 
be used to calculate the stick free and stick fixed static stabihty margins for the vehicle.
From Plate 5 it can be seen that with a large increase in the free stream turbulence the 
position of transition on the body is only slightly changed. The position of transition has only 
moved 15% but the increase in the drag of the vehicle is almost a factor of 2. This shght forward 
movement in the transition in the higher turbulence free stream is only compounded shghtly again 
with the addition of a model split (applied tape strip) moving the position a further 10% forward 
(Fig. 11.1 24' results tripped and un-tripped). The comparison between the predicted ("Myring') 
drag and the measured drag coefiScient and transition positions can be seen in Fig. 11.1. In Fig. 
11.1 the "Myring" code was used to calculate the drag coefficient of the body at various transition 
position at the design Reynolds number. Added to this is the experimental results for the tripped 
and natural transition cases and the high turbulence transition tests.
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0.015
c
DV
0.01
0.005
500 10 20 30 40 60 70
Cdv Myring
Cdv 24ft tripped 
Cdv 24ft
Transition Position ,%L
Fig. 11.1 - Comparison of the experimental and calculated drag coefficients
It is believed that this set of computational and experimental results is unique in that a 
closed body was tested, full static characteristics were measured and two operational conditions 
were compared. The computations included the design of the hull, propeller and fins with the 
majority of the calculations verified experimentally. Finally, the use of a low drag vehicle for this 
particular type of sample gathering mission has been computationally and experimentally justified 
as an economic solution available with today's technology. The vehicle has demonstrated a 
considerable drag reduction and even in turbulent flows or when the boundary layer is tripped the 
drag is still lower than that of a standard torpedo shape.
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11.2 FUTURE RESEARCH PROGRAMMES
The current work has been presented as a first attempt to optimise the hydrodynamic 
design of a laminar flow submersible. There is still significant further research required to enhance 
this study so that the data presented can be used in the design of a working vehicle.
There are three main areas in which fiirther work is required, namely (i) a review of the 
propeller calculations, (ii) the experimental measurement of full dynamic stability derivatives and 
(iii) the production of a fi'ee swimming powered model.
As part of the recalculation of the vehicle parameters in a second stage study, the process 
for calculating the propeller shape, size and characteristics needs some modification. In Section
3.3 strong reservations were put forward regarding the validity of the results fi'om the propeller 
optimisation process. The source of these errors lie firmly in the scarce data available for the lift 
and drag profiles for the particular blade section used. The scarcity of the data therefore left some 
doubts about the lift and drag models used in the propeller characteristic calculation program. 
Firstly complete aerodynamic or hydrodynamic section characteristics could not be found for 
circular arc back/flat face sections over the thickness to chord ratios used and at the Reynolds 
numbers encountered. The thickness to chord ratios being between 5% and 50% and the Reynolds 
numbers (based on chord) range being between 5 x 10^  and 5 x 10^ . In a fiiture stage of the 
development of this vehicle a series of experimental measurements of this section could be carried 
out and the data incorporated into the propeller calculations. As an intermediate step a much 
simpler, although less accurate, modification to the program could be made. This would include 
the use of a camber to thickness ratio function in the propeller calculations in order to more 
closely model the real aerodynamic / hydrodynamic behaviour of the blade section. The form of 
the mathematical model may be as simple as the camber to chord ratio being half of the thickness 
to chord ratio. Another modification could include a stall mechanism model being written into the 
propeller code to account for sections of the propeller at high incidences. These modifications in 
effect would amend Eqn. 4.3 and place limits on its useful incidence range. Following a future 
calculation of the propeller characteristics and the subsequent informed choice of the optimum 
propeller shape and size, a series of water or air tunnel tests will be required. These experiments 
would be used to validate the propeller calculation program and to verify that the propeller is 
producing the required thrust and torque to match the vehicle drag and the motor characteristics.
Once more specific information is known about the internal structure, pressure vessel, 
power source, motors, actuators etc. the centre of mass and buoyancy can be calculated. This 
calculated value can be compared to the neutral found in Chapter 10. I f  there is any difference in 
the measured and the calculated centres then the fin design process can be re-run and new fin 
sizes calculated in order to satisfy the stabihty criteria.
Having redefined the propeller, the body shell and the fin geometries, there is still a 
significant amount of experimental research that will be needed before the final vehicle is 
launched. This study, due to available facilities, time and budget, has only calculated and 
measured the static stability derivatives. In order to design a knowledge based control system for 
the navigation of the vehicle, the dynamic reaction of the vehicle to perturbations in the oncoming 
flow and movements in the control surfaces is needed. To obtain the dynamic stability derivatives 
either a series of towing tank tests using a planar motion mechanism or an extensive 
computational study is required. The incorporation of this data into the design of the vehicle will 
take the form of control algorithms in the navigation and steering systems. The most likely source
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of this data is from towing tank tests. The results from such tests will provide the control system 
with modelled equations for the dynamic behaviour which can then be used in a closed loop 
system to navigate the vehicle effectively. It would be proposed that a full scale model be 
manufactured and tested in a large towing tank, either on a linear or a circular path, and that full 
dynamic measurements be taken. The model would be mounted on a planar motion mechanism 
that can apply a desired disturbance or oscillation to the model and has sensors within the 
mechanism which record the reaction of the model. From the processed data for a series of 
different model perturbations the full dynamic stability derivatives, and therefore equations of 
motion, can be defined.
It should be noted that an evaluation of the design criteria at the end of each optimisation 
loop will be required to assess the design and to target specific areas for refinement in the next 
cycle. It can also be foreseen that this operation of optimising the hydrodynamic shape may be 
concluded before some of the internal subsystems of the vehicle are designed, manufactured and 
tested. Therefore as a final verification of the hydrodynamic design a relatively simple ocean going 
test vehicle will need to be designed, manufactured and used to test the hydrodynamic 
performance of the vehicle. This 'flying' testbed model will source many of it's internal parts from 
existing autonomous submersibles, with the exception of the outer shell. This model will have a 
shorter range and a shallower maximum depth than the proposed vehicle mainly due to the 
probable use of either glass spheres or cylindrical steel pressure vessels to house the power source 
and navigation systems. These in-situ tests will give a useful indicator to the performance of the 
vehicle and show the correlation between the real situation, the wind tunnel tests, the water tank 
tests and the computational calculations made. This test bed model can then be incrementally 
updated as the other subsystems of the vehicle become available and so be used to vahdated those 
parts individually.
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AFT BODY EQUATION 
CONSTANTS
X
Fig. A1.1 - Aftend equation definition
Equation and Derivatives
j /  =  (v4+^% )sin + Cx  ^+ D x + E
ÿ={A-\-Bx) cos  ^ 7DC^
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Boundary conditions
At the point of inflection (the junction between the mid and aft sections)
x  =  0,y =  Yi, y' =  Si,y" = 0 (A1.4)
At the end of the aft section 
X = Xa, y = 0, y' = St where s^ = - tan (o j (A1.5)
Calculation of constants
jfrom X = 0, y = Yi y t= E (A1.6)
from X = 0, y' = Sj = + D (A1.7)
from X = 0, y" = 0 0 = +2C (A1.8)
fromX =  X», y  =  0 0= A + Bx -^\-Cx -^hDx^+E
fromX = Xg,y'= S( s,=B+2Cx^+D
(A1.9)
(A l.lO )
rearranging (A l .7) A = {s,~ D)
TV
(A l.l l)
substituting (A l.l l)  into (A1.9)
0 = {s,~D) 
(  2xs,
'"2%
+ Bx„ + Cx„ + Dx„ + E
— E — Bx„ + Cx„ + D
(A1.12)
(A1.13)
multiply (A l.lO ) by x„ —
7T
(  2 x . \  J  2x r+2Cx,
TV J n J
1(A1.14)
V ^ J
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V n )  \  n )  n n
(A1.15)
2x
multiply (A1.8) by — ^
n
0 =  - (A1.16)
r
(A1.15)-(A1.16) > 5, 2x„s, S \ _ 2 4Cx:? 4Cx:?\ = Cx:~
TV
(A1.17)
therefore
(A1.18)
c= V n 7U V
71 7 ^
(A1.19)
5  = -
2Cx^
71:
D  — St — B — 20r^
(A1.20)
(A1.21)
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MODIFIED BLADE ELEMENT 
THEORY
dL dT
U(l+a)w
n  r(l-a')dD
Q r
Fig. A2.1 - Propeller velocity and force definitions
From the above diagram of a single blade element having a rotational and axial velocity of Q  and 
U respectively -
dT=(&cos^-dDsin^ (A2.1)
dQ-={dLs\n( -^\-dDQ,os<f)r (A2.2)
where
dL = dr
dD = p^w^ cCj  ^dr
and c = the chord of the blade element (m)
dT
and
Let
and
—  = cos(^- Qj sin (f)
dr 2
= \p^^cr[Cj^ sin cos^) 
dr 2
Cy = Q  cos^- Q, sin (j>
Q  = Q  sin Q, cos ^
(A2.3)
(A2.4)
(A2.5)
(A2.6)
(A2.7)
(A2.8)
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and
(A2.9)
(A2.10)
for B blades on the propeller 
we also have from the diagram -
w =
n r ( l -a ' )
COS^
and w =
£/(!+«) 
sinÿ
now let cr=
Be
iTir
(A2.11& 12) 
(A2.13)
substituting for w in (A2.9) and (A2.10) gives
dT 1
V
U {l+ a )
sin^
and
'[/(l+o)nr(l-a')
sin ^ COS
crCB
(A2.14)
(A2.15)
DOWNSTREAM
UPSTREAM
u
PROPELLER PLANE
VELOCITY
U(l+b) U(l+a) U
PRESSURE
Pi Pi
Consider the mass flow rate and the momentum balance across the plane of the propeller with an 
disc area A -
the mass flow rate through the propeller is
m = pU{l+a)A  (A2.16)
-A 2 .2 -
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the change in momentum from the upstream to the down stream condition is
mU{\ + b )-m U  =T=Thrust = mUb (A l . l l )
the loss of Kinetic Energy = the Work Done by the fluid
-U'^) = \tt{2bU^ + U V )  = m U^b{\+^ = Tu{\+^^  (A2.18)
the work done by the thrust is
TU{\+a)  (A2.19)
equating (A2.18) and (A2.19)
T U {\+a )=T uU + ^A  (A2.20)
ûr = ~ (A2.21)
and T=mUb-=pU^A{l+a)b ' (A2.22)
differentiating with respect to A gives
dT = mUbdA = pU^(l+a)b dA (A2.23)
but dA = 27irdr mdb = 2a (A2.24)
dT
—  = A7irpU^{\-)ra)a (A2.25) 
dr
also the angular momentum is
m2xur^  -pAU{\-^a)2wr^ - Q  -  Torque (A2.26)
and C7= Qa' (A2.27)
again differentiating with respect to A and substituting for r gives
—  = Ajdja{l+a)a’r  ^ (A2.28) 
dr
equating (A2.25) and(A2.14)
^U {\+a)
AnrpU^{\+a)a = ]-p2‘
substituting for a gives
a oCy
y sm<p J
(A2.29)
1+fl 4sin^^ 
equating (A2.28) and (A2.15)
AnpUOi\+a)a'r^ = jp 'u [\+a)Q r[\-a^)  
sinÿcos^ /
(A2.30)
crCB (A2.31)
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substituting for a gives
a’ oC^
 ---------------- , , (A2.32)l - a  4sm ÿcos(p
equations (A2.30) and (A2.32) can now be solved iteratively using a bisection method for a, a' 
and (|).
For the wake modification to the theory all of the values for the axial velocity are altered. The 
modifying factor is related to the power law profile of the boundary layer of the body at the 
propeller plane. The power law profile can be found in eqn. 3.3.
- A2.4
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■GAWN'PROPELLER 
GEOMETRY DEFINITION
The Grawn series of marine propellers was developed by Gawn (1953), these were based 
on a elliptic developed planform shape, a segmental blade cross-section, and have a constant face 
pitch, see Fig. A3.1. A large series of experimental tests was carried out to determine the thrust, 
torque and efhciency of a wide range of propellers including blade area ratios of 0.2 to 1.1 and 
pitch/diameter ratios of 0.4 to 2.0.
In order to incorporate this geometry into a blade element calculation program the chord 
lengths at each radial station of the blade need to be found.
R = 5 r
INTERSECTION
0 .5 r
Fig. A3.1 - Basic 'Gawn' propeller developed geometry.
the equation of the ellipse with the origin at the center of the ellipse is
(A3.1)
-A3.1 -
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the equation of the circle with the origin at the center of the ellipse is 
x ^ {y -d f  -r^
Substituting for x from (A3.2) into (A3.1) gives
r '^ - ( y - d f  + ^ ^  = d‘
(A3.2)
(A3.3)
- < f  -a^ +2yd+y" =  0 (A3.4)
therfore solving this quadratic gives the intersection points (x^ ,y^  and -Xj,yi) of the circle and the 
elipse if a and b are known quantities
- 2 d ± 14d  ^- 4(r^ -d^ -a^)
y = (A3.5)
In order to find the values of a and b we need to analyse the developed area of the blade thus - 
The blade area ratio of the propeller is defined as the ratio of the developed area of the blades to 
the disc area of the propeller i.e.
Fig. A3.2 - Propeller blade area calculation method.
-A3.2-
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BAR =
BA
where A can be calculated using the method seen in Fig. A4.2 -
O = mb 
N  = 2x,d
_______
Z = J (ellipse)dx = J -x^) dx
-Xt - X i
-xJ(a^ -x ^ )+  -a^ sin 
2  ^ 2 a
+Xi
(A3.6)
(A3.7)
(A3.8)
(A3.9) 
(A3.10)
l J -
a
2 • -1  +a  sm —
a
(A3.11)
M  = J  (czrc/e) dx -   ^(ellipse) dx
- X ,  - X i
if  a = b = r and substituting into (A3.11)
M  = sin~^  —
From (A3.6) - (A3.13)
(A3.12)
(A3.13)
A = mb--
\a
+a^ sin ' — 
a
+ Xjyj(r  ^-  +r^ sin  ^— - 2jc,- |^ = — - (A3.14)
B
Equations (A3.14) and (A3.5) can now be soved for a and b by using the bisection method and by 
substituting -
b =
(R-0.5r)
(A3.15)
and by transforming the distanced from the rotational axis to the origin of the elipse (d) into the 
pitch coordinates as seen in Fig. A3.3 -
- A3.3 -
Appendix 3 'Gawn* Propeller Geometry Definition
Now
and
where
1^ =
R
cos^  9
6=  tan-1
ylTR J
P = 27iRtm9=
27tU
n
(A3.16) 
(A3.17) 
(A3.18)
PROPELLER TRACK
Vertical section through’a' 
tangential to pitch line
Fig. A3.3 - Propeller track and pitch definitions
the distance from the pitch axis to the cental axis of the elipse di now is 
d^=b + R^+0.5r 
and r now becomes Rj to transform (A3.14) to
A = mb—\ — 
\a
+a^ sin ' — 
a
+ Xjyj(r^ + sin  ^—— 2x^d,
(A3.19)
(A3.20)
 ^ Tie-BAR  ^ b
0 = -------------- m b - { -
B \a
+ a 's in -'^
a
+ Xj- - ^ ( - ^ 1  ~ Xj- j + jRj sin  ^—— 2XjZ/j (A3.21)
Since a and b can now be found the chord of each element of the propeller blade can also be 
found.
-A 3 .4 -
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From Fig. A3.4 xj and yj, the intersection of the ellipse and the chord line can be found in the 
same way as x{ and yi and therfore the chord length c is
c = 2c' = 2 y/R2 = 2 i ?2 tan-1 (A3.22)
Fig. A3.4 - Pitch coordinate system
- A3 .5 -
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STATIC STABILITY EQUATIONS
A4.1 STICK FIXED STATIC STABILITY
Mg
hL
Fig. A4.1 - Dimensions, forces and moments for the static stability calculations
The assumptions that are made in this analysis are as follows
1) All angles are small i.e. <10°
2) The centre of bouyancy and the centre of mass lie on the centreline and are coincident 
Taking moments about the centre of bouyancy /  mass 'c’ gives
M  = MQ-{h-ho)L{I^cosa+D^mia)~{lf-\r{h-hQ)L){LfCO%a-\-DfSma) (A4.1)
For small angles of incidence it can be assumed that
cosa»l and s in a« a  (A4.2&3)
Substituting these approximations into (A4.1)
M  = MQ-{h-hQ)L{I^+Dfja)-{lf+{h-hç^)L){Lf+DfC^  (A4.4)
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Dividing by ^pU Al to give a non-dimensional equation results in (A4.4) becomming 
O f = Qfo -  (^ 0 -  + Q / (A4.5)
It can also be assumed that Q, a  and QyCK are small further reducing (A4.5) to
(L
c. (A4.6)
It is not usual to define the fin lift coefficient in terms of the body cross sectional area. It is usually 
defined using the fin planform area. Therefore a new lift coefficient can be defined by
c; =C (A4.7)
And substituting (A4.7) into (A4.6) gives 
0 /  =  Q / o  “  ( ^ 0  "  ~  ^ + ( ^ 0  “ Cl
(s
(A4.8)
Tail volume ratio, the total lift coefficient of the vehicle, the body alone lift curve slope and the fin 
lift coefficient are defined as respectively
AL
c , = c , + c .
Y
Cr — cioc 
C'l,  ^a,a+a^7]
Spliting the fin lift coefficient into its constituent parts in (A4.8) results in
(A4.9) 
(A4.10)
(A4.11) 
(A4.12)
Cm  = Cm. ~ { K  ^  (A>-A)CI, -F C ;
J
and substituting for the vehicle total lift coefficient
(A4.13)
C M = c ^ - { K - h ) c , - v c ' , (A4.14)
A4.2-
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Substituting (A4.11) into (A4.12) for a  and then the result into (A4.13) gives
(SAfa
J a
-Cu+a^V (A4.15)
Which can be rearanged to give
-
1+
yA a J
(A4.16)
Substituting both (A4.16) and (A4.10) into (A4.11) results in
C r =
a, a.
ya
Q -«2 '7
1+
yA a ^
+a^rj (A4.17)
This can then be used in conjunction with (A4.14) to give
\  u J
1+
yA a J
(A4.18)
Differentiating (A4.18) with respect to the total vehicle lift coefficient
Aa
(A4.19)
Whereby definition
M,^ = 0 (A4.20)
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For stick fixed static stability
6/CM
6/Cr
>0 (A4.21)
A4.2 STICK FREE STATIC STABILITY
I f  the hinge moment coefficient is defined by 
Cjj=b^a+b2ri
And this is constrained to be 0 for the stick fi*ee stabihty criteria then
(A4.22)
?7= a (A4.23)
Substituting for a  and t| fi*om (A4.11) and (A4.23) into (A4.12) gives
a a ü\ -
c.
'2 y
(A4.24)
As before, substituting (A4.24) into (A4.14) and differentiating with respect to the total vehicle 
lift coefficient gives
6/C
V
M  _
6/C
«2*1
'2
a 1 + V i
Aa
(A4.25)
Again for stick free static stability
6 /C M
6/C
>0 (A4.26)
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